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AasS acyl-acyl-carrier protein synthetase 
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AT  acyl transferase  
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DNA deoxyribonucleic acid 
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MCAT malonyl-CoA:acyltransferase 
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MmpL Mycobacterial membrane protein Large 
MPT malonyl-palmitoyl-transferase 
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NADPH nicotinamide adenine dinucleotide phosphate 
NMR  nuclear magnetic resonance  



List of Abbreviations  
 

IV 
 

NRPS  nonribosomal peptide synthetase  
PCP  peptidyl-carrierprotein  
PGL phenolic glycolipids  
PKS  polyketide synthase  
Ppant 4´-phosphopantetheine 
PPTase  4´-phosphopantetheinyl transferase  
RND Resistance-Nodulation-Cell Division 
ROS  reactive oxygen species  
STS stilbene synthase 
TE thioesterase 
TOF  time of flight  
UDP uridine diphosphate glucose 
UV-Vis  Ultraviolet-visible  

 



Zusammenfassung 

 

V 
  

3 Zusammenfassung 

Polyketide stellen eine wichtige Substanzklasse von Naturstoffen dar, deren Synthese aus 

chemischer Sicht der Synthese von Fettsäuren ähnelt. Über eine decarboxylierende Claisen-

Kondensationsreaktion erfolgt die Verknüpfung von Acetateinheiten unter der Bildung einer 

C-C-Bindung. Die Biosynthese erfolgt dabei proteingebunden, mit sogenannten Acyl-Carrier-

Proteinen (ACPs) unter der Einbeziehung einer komplexen Biosynthesemaschinerie aus 

Enzymen. Dabei sorgt die posttranslationale Modifikation der ACPs mit dem hoch flexiblen 

Phosphopantheteinyl-Arm (Ppant arm) dafür, dass Starter-, Verlängerungseinheiten und die 

entstehenden Intermediate, kovalent gekoppelt werden können, um für die Prozessierung in 

die räumliche Nähe der Enzyme gebracht zu werden. 

 

Im Gegensatz zu Fettsäuren weisen Polyketide eine enorme strukturelle Vielfalt auf. Die 

erzeugte β-Ketoverbindung, die nach der Verknüpfungsreaktion von zwei Acetateinheiten 

entsteht und eine C-C-Bindung erzeugt, wird während der Fettsäurebiosynthese meist zu einer 

vollständig gesättigten Verbindung prozessiert. Dies geschieht durch die Ketoreduktion mit 

einer Ketoreduktase (KR), gefolgt von einer Wassereliminierung durch eine Dehydratase (DH) 

und der erneuten Reduktion mit Hilfe einer Enoylreduktase (ER). Diese Schritte werden in der 

Polyketidsynthese teilweise nicht vollständig durchgeführt und es gibt zudem eine Vielzahl an 

weiteren Prozessierungsreaktionen, wie beispielsweise Zyklisierungen, Aromatisierungen, 

Methylierungen, Oxidationen und Glykosylierungen usw., die für die strukturelle Vielfalt der 

Polyketidprodukte sorgen.  

 

Gesteuert wird die Biosynthese unter anderem von der Biosynthesemaschinerie, die in 

ingesamt drei unterschiedliche Typen eingeteilt werden kann. Typ I PKS-Systeme stellen 

multifunktionale Proteinkomplexe dar, bestehend aus Proteinen, welche die jeweiligen 

Enzymdomänen tragen. Hier entstehen in der Regel reduzierte lineare oder zyklische 

Polyketide. Typ II PKS-Systeme beinhalten monofunktionale Enzyme, die miteinander 

interagieren. Dabei wird ein Polyketongrundgerüst mit Hilfe einer minimal-PKS hergestellt, das 

aus ACP, KS und einem sogenannten chain-length factor (CLF) besteht. Die Malonyl-

CoA:Transacyltransferase (MCAT) aus dem Primärmetabolismus, sorgt für die Bereitstellung 

von Malonat. Das Malonat wird für die decarboxylierende Claisen-Kondensationsreaktion zur 

Verlängerung genutzt. KS und CLF bilden ein Heterodimer und schützen das hochreaktive 

Polyketonintermediat während der Synthese, das typischerweise, durch die weitere 

Prozessierung mit einer KR, einer Zyklase und einer Aromatase, in eine aromatische 

Verbindung umgesetzt wird.  
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PKS III-Systeme bestehen ebenso aus monofunktionalen Enzymen, mit dem Unterschied, 

statt ACP-gebundene Intermediate, Coenzym A-Intermediate für die Biosynthese zu nutzen. 

Außerdem werden in der Regel statt Acetat-Startereinheiten, aromatische Starter genutzt und 

es entstehen kleine aromatische Verbindungen.  

 

In der vorliegenden Arbeit wird die ausführliche Charakterisierung von drei unterschiedlichen 

Typ II PKS-Systemen aus den Gram-negativen Bakterien Xenorhabdus und Photorhabdus 

beschrieben. Die jeweiligen PKS II-Systeme, für die Produktion von Arylpolyenen, 

Isopropylstilbenen und Anthrachinonen, wurden sowohl auf Protein- als auch Produktebene 

untersucht. PKS vom Typ II werden sonst, mit nur wenigen Ausnahmen, in Gram-positiven 

Bakterien gefunden.  

 

Ein großer Teil dieser Arbeit beschäftigt sich dabei mit der Analyse der biochemisch wenig 

charakterisierten Substanzklasse der Arylpolyen (APE)-Pigmente. Vor fünf Jahren waren 

APEs lediglich unter dem Namen Xanthomonadin und Flexirubin bekannt, zwei Naturstoffe, 

die bereits um 1970 entdeckt und in Folgearbeiten strukturell charakterisiert wurden. Zu dieser 

Zeit war nicht bekannt, dass beide Substanzen zu den APEs zählen. Es wurde zunächst 

angenommen, dass Xanthomonadin, gattungsspezifisch, nur in Xanthomonaden und 

Flexirubin in Flavobakterien vorkommen, welche durch die Produktion der Pigmente einen 

charakteristischen, gelben Phänotyp aufweisen.  

 

Im Jahr 2014 brachte die Publikation von Cimermancic et al. durch eine ausführliche 

bioinformatische Analyse, das Gencluster von APE-Pigmenten zum Vorschein, das bis dahin 

keiner Substanzklasse zugeordnet werden konnte. Anhand der Genausstattung der 

entsprechenden Biosynthesegencluster (BGCs) wurden APEs in insgesamt drei Familien 

eingeteilt, wobei Xanthomonadin und Flexirubin der Familie drei zugeordnet werden konnten. 

Diese Familie wurde noch einmal in die entsprechenden Subfamilien zu Xanthomonadin- oder 

Flexirubin-ähnlichen BGCs eingeteilt. Die Produkte der beiden anderen APE-Familien waren 

nicht bekannt und die Forscher charakterisierten jeweils einen repräsentativen Kandidaten. 

Die Struktur eines APEs aus E. coli CFT073, dem APEEc, aus Familie eins und eines APEs 

aus Vibrio fischeri, dem APEVf, aus Familie zwei, wurden aufgeklärt. Diese ausführliche 

Analyse zeigte ferner, dass das APE-BGC eines der am weit verbreitetsten Gencluster in 

Gram-negativen Proteobakterien darstellt.  

 

Anhand der Einteilung von Cimermancic et al. stellte sich heraus, dass in Spezies der Gattung 

Xenorhabdus, das APE-BGC der Familie eins, ebenfalls weit verbreitet ist.  
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Neben der Identifikation der APE-Pigmente aus Xenorhabdus, stand vor allem die Aufklärung 

der bisher ungeklärten Biosynthese im Vordergrund. Das APE-BGC weist zwar einige 

Charakteristika von Typ II PKS auf, doch sind im entsprechenden BGC einige Enzyme codiert, 

die eher der Fettsäurebiosynthese zuzuordnen wären. Aufgrund dieser Gene und der eher 

linearen Struktur des APEs wurde postuliert, dass die Biosynthese in einem 

Fettsäurebiosynthese-ähnlichen Mechanismus stattfindet.  

Die biochemische Analyse von Enzymen, die an der Biosynthese von APEs beteiligt sind und 

die in vitro-Rekonstruktion der ACP-gebundenen APE-Biosynthese konnte bestätigen, dass 

APEs durch einen fettsäureähnlichen Verlängerungsmechanismus hergestellt werden und 

demnach kein Polyketonintermediat bilden. Darüber hinaus lieferte die Entdeckung 

unerwarteter Protein-Protein-Interaktionen neue Erkenntnisse über die Multienzym-

komplexbildung dieses außergewöhnlichen PKS II-Systems. Durch die Zusammenarbeit mit 

den Gruppen von Prof. Michael Groll und jr. Prof. Nina Morgner wurden zwei hetero-

Proteinkomplexe strukturell gelöst und mehrere native Multimerisierungs-Ereignisse der 

Proteine identifiziert, die es ermöglichten, ein potentielles Protein-Interaktionsnetzwerk 

vorzuschlagen. Die Ergebnisse zur in vitro-Rekonstitution von APEs sind in der 

Veröffentlichung 'An Uncommon Type II PKS Catalyzes Biosynthesis of Aryl Polyene 

Pigments' (Publikation J. Am. Chem. Soc, Erstautor) zusammengefasst. 

 

Neben der in vitro-Analyse, wurden über in vivo-Studien, die von Xenorhabdus doucetiae 

hergestellten APE-Verbindungen, näher untersucht. Die Aktivierung des unter 

Laborbedingungen stillen BGCs führte zum Nachweis der APE-Verbindungen im homologen 

Wirt. Durch die Kombination aus homologer Überproduktion und gezielter Gendeletionen im 

APE BGC, wurde eine APE-lipidähnliche Struktur identifiziert. Mit Hilfe von 

massenspektrometrischen Analysen und der Isolation von Intermediaten, wurden die 

strukturellen Bausteine dieses APE-Lipids identifiziert. Es stellte sich heraus, dass das APE-

Lipid, neben dem APE-Teil, aus einem Glucosaminrest, einer langkettigen Fettsäure mit 

ungewöhnlich konjugierten Doppelbindungen und einer Phosphoethanolamin-Kopfgruppe, 

wahrscheinlich über ein Glycerin verknüpft, besteht. In Kombination mit den oben genannten 

in vitro-Daten wurde ein Biosynthese-Mechanismus des APE-Lipids postuliert, der die 

Erkenntnisse von Cimermancic et al. über die Substanzklasse der APEs erweitert. Diese 

Ergebnisse sind im Abschnitt 'Additional Results: Tracing the Full-length APE' dargestellt.  

 

Ein weiteres, eher untypisches Typ II PKS-System stellt die Biosynthesemaschinerie zur 

Produktion von Isopropylstilben (IPS) dar. Große Teile der IPS-Biosynthese wurden bereits im 

Bode-Labor und der Arbeitsgruppe von Prof. Ikuro Abe untersucht. Studien mit Photorhabdus 

laumondii in der Arbeitsgruppe Bode zeigten, dass sich die Gene der Biosynthese nicht in 
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einem BGC anordnen, sondern im Genom verteilt vorliegen. Eine Funktionsanalyse dieser 

Gene zeigte weiter, dass die IPS-Vorläufer-Moleküle aus zwei unterschiedlichen 

Biosyntheserouten stammen. Die Bode-Gruppe entdeckte hierbei, dass eine ungewöhnliche 

KS/Cyclase (StlD) die Kondensation beider Vorläufer, dem verlängerten und prozessierten 

Zimtsäure- und dem verlängerten Isovalerat-Vorläufer, über eine Michael-Addition katalysiert. 

Ein solcher Weg zur Stilbenbildung unterscheidet sich von dem Biosyntheseweg, der in 

Pflanzen weit verbreitet ist und beispielsweise nur aus einem sich verlängernden Zimtsäure-

Vorläufermolekül mit Hilfe einer PKS III-Maschinerie aufbaut. Die Abe-Gruppe löste die 

Proteinstruktur und den biochemischen Mechanismus der KS/Cyclase StlD und untersuchte 

weiter die Aromatisierungsreaktion der Aromatase StlC. Wie jedoch Zimtsäure auf das ACP 

geladen und weiter zu dem benötigten Michael-Akzeptor prozessiert wird, der für die 

Zyklisierungsreaktion erforderlich ist, blieb bisher ungeklärt.  

 

In dieser Arbeit wurde die Biosynthese des Michael-Akzeptors erfolgreich in vitro rekonstruiert. 

Unter anderem wurde gezeigt, dass dabei Enzyme aus der Fettsäurebiosynthese involviert 

werden, wodurch sich ein erforderliches Zusammenspiel von Enzymen aus dem Primär- mit 

solchen aus dem Sekundärstoffwechsel nachweisen lies. Anhand dieser Erkenntnisse war es 

möglich die minimale Proteinausstattung zur Produktion von Stilbenen in einem heterologen 

Wirt festzulegen. Es wurde gezeigt, dass StlB nicht wie bisher postuliert als Coenzym A (CoA)-

Ligase fungiert und Zimtsäure zu Zimtsäure-CoA umwandelt, sondern die Acyl-Gruppe von 

adenylierter Zimtsäure direkt auf das entsprechende ACP belädt, um dadurch Zimtsäure-ACP 

herzustellen. Neben der Mitwirkung weiterer Enzyme aus der Fettsäurebiosynthese, spielt die 

KS FabH aus P. laumondii (plFabH), eine Schlüsselrolle als gatekeeper-Enzym. Es konnte 

gezeigt werden, dass das E. coli-Homolog nicht in der Lage ist Zimtsäure-ACP um eine C2-

Einheit zu verlängern, im Gegensatz zu plFabH. Mit Hilfe dieser entscheidenden Informationen 

gelang die rekombinante IPS-Produktion in E. coli. Die Ergebnisse hierzu werden im 

Manuskript 'Biosynthesis of the Multifunctional Isopropylstilbene in Photorhabdus laumondii 

Involves Cross-Talk between Specialized and Primary Metabolism' (Manuskript, geteilter 

Erstautor) vorgestellt. 

 

Anhand der bislang durchgeführten Studien, stellt das PKS II-System der orange-rot 

pigmentierten Anthrachinone (AQs) ein bereits gut untersuchtes PKS II-System dar. Bereits 

2007 entdeckten Brachmann et al. das AQ-BGC und dessen Produkte, darunter das 

Hauptprodukt AQ-256 und die daraus hervorgehenden, methylierten Derivate. Quiqin Zhou 

(Arbeitsgruppe Bode) führte weitere biochemische in vitro-Analysen durch. Kombiniert mit der 

heterologen Expression des AQ-BGCs führte dies zur Identifizierung von Nebenprodukten, 

sogenannten shunt-Produkten, die auf ein AQ-Gerüst hindeuteten, das von einem 
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Oktaketidzwischenprodukt abgeleitet werden kann. Da mit Markierungsexperimenten 

herausgefunden wurde, dass das Hauptanthrachinon AQ-256 nur aus sieben Acetat-Einheiten 

besteht, wurde postuliert, dass ein Oktaketidintermediat von der Hydrolase AntI zu einem 

Heptaketid verkürzt wird. Dieser PKS-Kürzungsmechanismus wurde durch die 

Proteinkristallstruktur von AntI durch die Arbeitsgruppe Groll strukturell bestätigt und brachte 

den molekularen Mechanismus zum Vorschein ('Molecular Mechanism of Polyketide 

Shortening in Anthraquinone Biosynthesis of Photorhabdus laumondii', Publikation Chem. Sci., 

Co-Autor).  

Weitere Substratanalysen des Photorabdus laumondii AQ-Produzenten und einer Mutante 

zeigten eine mögliche Hemmung von Zimtsäure gegenüber der Hydrolase AntI 

('Anthraquinone Production is Influenced by Cinnamic Acid', Manuskript, Erstautor). 

 

Die biochemische Analyse während der Doktorarbeit von Quiqin Zhou mit dem minimalen-PKS 

der AQ-Synthase ergab weiterhin die exklusive Aktivierung des AQ-ACPs durch die 

Phosphopantheteinyl-Transferase (PPTase) AntB. PPTasen katalysieren die Übertragung des 

Ppant-Arms zur Aktivierung der ACPs. AntB allein ist unlöslich, wird aber durch eine CoA-

Ligase stabilisiert, die höchstwahrscheinlich inaktiv ist und als Chaperon arbeitet. So beinhaltet 

die minimale PKS-Ausstattung zur Herstellung des Oktaketidgerüsts neben dem ACP, dem 

KS:CLF-Heterodimer und der MCAT, die weitere Co-Existenz der PPTase AntB und der CoA-

Ligase AntG. Durch die strukturellen Analysen der Arbeitsgruppe Groll war es erstmals 

möglich das minimale-PKS der AQ-Biosynthese in Aktion darzustellen. Die Strukturdaten von 

Komplexen aus einem ACP:KS:CLF, dem KS:CLF allein und einem ACP:MCAT in ihrer nicht-

aktiven und aktiven Form aufgeklärt wurden. Es war möglich, ein KS-gebundenes Hexaketid 

zu detektieren, das nach der heterologen Proteinproduktion von KS:CLF, am konservierten 

Cystein-Rest der KS, gebunden vorlag.  

Zudem brachte die Mutagenese von Aminosäuren, die anhand der Strukturen an den Protein-

Protein-Interaktionen im ACP:KS:CLF-Komplex beteiligt zu sein schienen, einige interessante 

Interaktionsstellen zum Vorschein. Anhand der Proteinkomplexstruktur wurde ferner ein 

induced-fit-Mechanismus der MCAT mit dem ACP postuliert, durch den sich eine 

monodirektionale Transferreaktion während der Malonylierung erklären lässt ('Structural 

Snapshots of the Minimal PKS System Responsible for Octaketide Biosynthesis', Manuskript, 

Co-Autor).  
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4 Summary 

This work deals with the characterization of three different type II polyketide synthase systems 

(PKS II) from the Gram-negative bacteria Xenorhabdus and Photorhabdus.  

 

Particular attention was paid to a biochemically underexplored class of aryl polyene (APE) 

pigments. Bioinformatic analysis of enzymes involved in the biosynthesis and the in vitro 

reconstruction proved that the synthesis of APEs involves an unusual fatty acid-like elongation 

mechanism. Furthermore, the discovery of unexpected protein-protein interactions provided 

new insights into the multienzyme complex formation of this unusual PKS II system. Through 

collaboration with the groups from Prof. Michael Groll and junior Prof. Nina Morgner, two 

protein complexes were structurally solved and several native protein multimerization events 

were identified and allowed us to suggest a possible protein-interaction network. The results 

are summarized in publication ‘An Uncommon Type II PKS Catalyzes Biosynthesis of Aryl 

Polyene Pigments’ (first author; J. Am. Chem. Soc.). 

In addition to in vitro-analysis, in vivo-studies were used to investigate the APE compound 

produced by X. doucetiae in more detail. The activation of the silent biosynthetic gene cluster 

(BGC) led to the detection of the APE compound in the homologous host. Further combination 

of homologous expression and targeted deletions of the APE BGC revealed an APE-lipid-like 

structure. MS-based analyses and purification of intermediates allowed us to deduce structural 

building blocks of the APE-lipid, which is composed of an APE structural core, a glucosamine 

residue and an unusual long-chain fatty acid with unusual conjugated double bonds and a 

phosphoethanolamine head group. In combination with the above stated in vitro-data, we 

assumed a plausible biosynthetic mechanism of the APE-lipid. The results are summarized in 

the section ‘Additional Results: Tracing the Full-length APE’. 

The biosynthesis of isopropylstilbene (IPS) has already been well-studied by the Bode 

laboratory and the group of Prof. Ikuro Abe. Studies with Photorhabdus laumondii TT01 by the 

Bode group revealed the distributed locations and functions of the genes involved in 

biosynthesis, which originate from two pathways. Particularly, the Bode group first 

demonstrated that an unusual ketosynthase/cyclase (StlD) catalyzes the condensation of 5-

phenyl-2,4-pentadienoyl-ACP and isovaleryl-beta-ketoacyl-ACP via a Michael addition. Such 

a pathway for stilbene formation is distinct from those widespread in plants. The Abe group 

solved the structure and biochemical mechanism of StlD and further investigated the 

aromatization reaction of the aromatase StlC. However, the generation of the required 

cinnamoyl-precursor 5-phenyl-2,4-pentadienoyl-ACP as a Michael acceptor for this cyclization 

reaction remained elusive. In this work, we were able to reconstitute the synthesis of the 
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Michael acceptor in vitro, by the action of enzymes from the fatty acid biosynthesis. With the 

knowledge about the crucial cross-talk from primary and specialized metabolism, we further 

determined the minimal endowment for stilbene production in a heterologous host. Here, the 

discovered AasS enzyme StlB is responsible for the generation of cinnamoyl-ACP and among 

others, plFabH plays a key role as gatekeeper enzyme for further processing. With this 

information in hand, we were able to obtain IPS production in E. coli. These results are 

presented in the manuscript ‘Biosynthesis of the Multifunctional Isopropylstilbene in 

Photorhabdus laumondii Involves Cross-talk Between Specialized and Primary Metabolism’ 

(co-first author, manuscript). 

The biosynthesis of the orange-to-red-pigmented anthraquinones (AQs) is the best-studied 

type II PKS system according to preliminary results. While several investigations by 

Brachmann et al. discovered the BGC and the overall product spectrum of the main AQ-256 

and its methylated derivatives, data of Quiqin Zhou (Bode group) performed biochemical 

in vitro analysis paired with in vivo heterologous expression of the ant-genes antA-I. This led 

to the identification of shunt products that indicated an AQ-scaffold derived from an octaketide 

intermediate that gets shortened to a heptaketide by the hydrolase AntI, resulting in the main 

anthraquinone AQ-256. This PKS-shortening mechanism was further confirmed by the protein 

crystal structure of AntI by the Groll group (publication, minor contributions, co-author, 

Chem  Sci. ‘Molecular Mechanism of Polyketide Shortening in Anthraquinone Biosynthesis of 

Photorhabdus luminescens’). Further substrate analysis of the P. luminescens AQ-producer 

and mutants revealed an inhibitory effect of cinnamic acid against the hydrolase AntI. Cinnamic 

acid might therefore be involved in regulation of AQ biosynthesis (‘Anthraquinone Production 

is Influenced by Cinnamic Acid’, first author, manuscript). 

Biochemical analysis from Quiqin Zhou with the minimal PKS of the AQ-synthase further 

revealed the exclusive activation of the AQ-ACP by the PPTase AntB. The PPTase is insoluble 

alone but gets stabilized by the CoA-ligase, most likely inactive, working as a chaperone. Thus, 

the minimal PKS endowment to produce the octaketide scaffold compromises, besides the 

ACP, the KS:CLF heterodimer and the MCAT, the co-occurrence of the PPTase AntB and the 

CoA-ligase AntG. For the first time, X-ray crystallography depicted a minimal PKS in action, by 

obtaining the structural data of native complexes from an ACP:KS:CLF, the KS:CLF alone and 

an ACP:MCAT in their non-active and active forms. It was possible to confirm a KS-bound 

hexaketide, which was built upon heterologous expression of the KS:CLF. Mutagenesis with 

amino-acids proposed to be involved in protein-protein interactions in the ACP:KS:CLF 

complex revealed some interesting protein-interaction sites. Additionally, an induced-fit 

mechanism of the MCAT with the ACP during the malonylation reaction confirmed a 



Summary  
 

XII 
 

monodirectional transfer reaction (‘Structural Snapshots of the Minimal PKS System 

Responsible for Octaketide Biosynthesis’ co-author, manuscript under review). 
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5 Natural Product Research 

In the course of evolution ranging over millions of years, microorganisms developed a vast 

diversity of fascinating and highly complex molecules, awaiting their identification by natural 

product research. While their physiological role is often unknown, they reveal a great range of 

useful bioactivities.[1–5] 

In a broad sense, the term ‘natural product’ covers all molecules produced by a living organism. 

It encompasses different compound classes crucial for life, including carbohydrates, proteins, 

fats, and nucleic acids.[6] These metabolites are assigned to primary metabolism.   

Natural product research deals most likely with molecules from the secondary metabolism, 

also referred to as specialized metabolism, with a molecular weight of <1500 Da.[7] In contrast 

to the essential primary metabolites, secondary metabolites, are only found in specific 

organisms or groups of organisms.[6] Secondary metabolites are known to provide benefit to 

the organism that results in an evolutionary advantage, e.g. by acting as toxic agents to defend 

the organisms against predators or acting as volatile attractants towards the same or other 

species.[6] Although the physiological function of the produced secondary metabolites is not 

always known, they exhibit useful biological activities that result in their pharmacological 

use.[1-5]  

The main representatives of secondary metabolite classes in microorganisms used for natural 

product research include polyketides, non-ribosomal peptides, alkaloids, and terpenes.[7] They 

all can be assigned to different metabolic pathways, consisting of a combination of genes within 

a contig, termed biosynthetic gene clusters (BGCs).[8] These BGCs usually encode enzymes 

responsible for synthesis and modification, proteins for transport, regulation, and detoxification.  

The paradigm of natural product research began with the discovery of penicillin by Alexander 

Fleming in 1928.[9,10] Due to contamination with a fungus on his bacterial agar plate, Fleming 

observed an inhibition zone killing the bacteria around the fungal colony.[10] The natural product 

responsible for this effect was termed penicillin, after the producing fungus Penicillium 

notatum. Based on its structure, it was classified as a β-lactam antibiotic and emerged as one 

of the most important antibiotics to treat bacterial infections. The discovery of penicillin is a 

prelude to the ‘Golden Age of Antibiotic Discovery’ era, bringing on a tremendous number of 

antibiotics discovered from a plethora of different host organisms, such as bacteria, fungi or 

plants.[5,7] Besides antibacterial or antifungal activities, further pharmaceutical applications of 

natural products from microorganisms were discovered, such as in cancer therapy, as 

immunosuppressive drugs, as cholesterol-lowering agents or anesthetics (Figure 1).[1–5,11] 
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Figure 1. Penicillin and representative polyketide natural products with their pharmaceutical 
applications.[7] 

In recent years, the progress in bioinformatics enabled the efficient detection and prediction of 

distinct BGCs to their corresponding natural product classes, a process termed genome 

mining.[12,13] Genome mining can be useful in terms of the vast number of genomic data sets 

that are accessible in the post-genomic era.[13] 

In times of multi-resistant organisms, there is a high interest to identify new active compounds 

and to avoid studies with already known ones. Computer-assisted techniques[8,13,14] combined 

with advances in high-throughput cultivations have enabled networking with mass 

spectrometry (MS)-based data, to generate huge metabolic and proteomic data sets.[15–19] Only 

recently, such data sets have been linked to genomics.[20] The overall aim is to create publicly 

accessible data sets and suitable methods for simplifying natural product research.[15]  

In the above-stated approaches, among others, genetics plays an indispensable role in 

revealing the programming rules of the different classes of natural products. However, a 

thorough understanding of the catalytic mechanisms of the involved enzymes still requires the 

combination of in vivo and in vitro analysis, to characterize the biosynthesis of the desired 

compounds.[21,22]  

Once we understand the mechanisms and enzyme interaction network in detail, this will 

facilitate attempts to control and re-task the biosynthetic systems to produce novel compounds. 
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6 The Logic of the PKS and FAS Thiotemplate Reactions 

Polyketides and non-ribosomal peptides are built upon simple acetate or amino acid building 

blocks.[7] Their biosynthesis involves an enzyme machinery to which the different intermediates 

are covalently attached and shuttled to the active sites of the corresponding enzymatic 

domains.[23] Such a reaction line is also known for the biosynthesis of fatty acids.  

The natural products investigated in this study originate from entomopathogenic bacteria of 

the species Xenorhabdus doucetiae DSM 17909T (X. doucetiae)[24] and Photorhabdus 

laumondii subsp. laumondii TT01 (P. laumondii or TT01, renamed from previous 

P. luminescens subsp. laumondii TT01)[25] and are produced by polyketide synthases (PKS) 

from specialized metabolism. Due to the similarity of PKS and fatty acid synthases (FAS) 

involved in primary metabolism, both systems will be presented in more detail in the following 

sections.  

6.1 Biosynthetic Mechanism of Polyketides and Fatty Acids  

PKS and FAS machineries use a thiotemplate mechanism to shuttle their substrates in an 

effective manner, with the help of so-called acyl-carrier proteins (ACPs).[26] ACPs are small 

molecular weight proteins of about 8-10 kDa.[7] They possess no catalytic activity but are post-

translationally modified with the 4’-phosphopantetheine (Ppant) arm derived from Coenzyme A 

(CoA) (Figure 2).[27] This modification results in a terminal thiol which forms the attachment site 

for substrates and intermediates and consequently builds a thiotemplate.  

The reaction for obtaining the Ppant arm to form an active holo-ACP is catalyzed by a 

4’-phosphopantetheinyl transferase (PPTase) (Figure 2).  

 

Figure 2: Posttranslational activation of ACPs. The inactive apo-ACP is activated to its holo-form by 
transferring the Ppant moiety of Coenzyme A to a conserved serine residue by a MgCl2-dependent 
phosphopantetheinyl transferase (PPTase) reaction. 
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Although fatty acids and polyketides are structurally different, from a biochemical perspective, 

the underlying biosynthetic mechanisms for the formation of their backbone are very similar 

(Figure 3).[23,27,28]  

 

Figure 3. Polyketide and fatty acid mechanism during biosynthesis. Malonyl-CoA and acetyl- or acyl-
CoA (represented with R) from primary metabolism are connected by a ketosynthase (KS) in a 
decarboxylative Claisen-condensation reaction to result in a β-ketoacyl ACP. This product gets further 
processed by a ketoreductase (KR), a dehydratase (DH) and an enoylreductase (ER) to result in a fully 
saturated acyl product during fatty acid biosynthesis. These processing steps can be partially omitted in 
the case of polyketide biosynthesis.[28]  

The biosynthesis of fatty acids and polyketides is typically conducted with acetate and 

malonate building blocks derived from primary metabolism.[23,27,28] Those building blocks are 

loaded onto the ACP for acyl-chain elongation and further processing through the action of 

different enzymatic domains (Figure 3). 

The biosynthesis starts with the loading of the starter ac(et)yl-group. This starter unit gets 

coupled to the holo-ACP by an acyltransferase (AT) and is further transferred to a conserved 
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cysteine residue of the adjacent ketosynthase (KS). This intermediate gets connected with the 

ACP-tethered malonate extender unit. Malonyl-ACP is derived by the malonyl-

CoA:ACP transacylase (MCAT) with the use of holo-ACP and malonyl-CoA.[27,29] The 

elongation takes place in a decarboxylative Claisen-condensation reaction to form the ACP-

bound β-ketoacyl product, while decarboxylation is mediated by the KS (Figure 3, grey 

block).[30] This product is further shuttled to the active centers of an NADPH dependent 

ketoreductase (KR), resulting in a β-hydroxy acyl product, which gets passed over to a 

dehydratase (DH) to form the corresponding enoyl product. Finally, this intermediate is 

transported to an NADH-dependent enoyl-reductase (ER) to result in a saturated acyl product. 

In FAS systems, this cycle is fully executed and iterated until the acyl product reaches its final 

length.[23]  

 

Regarding PKS systems, the reductive steps (KR, DH, ER) are optional and are sometimes 

partially omitted, before the next elongation step is conducted. This leads to a much more 

complex product pattern for polyketides.[23] As a final step, the ACP-tethered acyl products are 

typically released by a thioesterase (TE) to form free acids or macrolactones (PKS only).[23] 

Throughout the biosynthesis, the substrates and intermediates are ACP-tethered or covalently 

linked to the AT (conserved active site serine) and the KS (conserved active site cysteine).  

In contrast to fatty acids, polyketides show a huge structural diversity.[23] As mentioned above, 

this is, on the one hand, explained by the partially incomplete elongation cycles, leading to 

different reduction states, on the other hand, by a selection of different starter and extender 

units (see 6.2.1). Further variations include different chain-lengths, folding and termination 

reactions and are dependent on the different protein architectures of PKS but also FAS 

systems.[23] This leads to different classifications of the synthases. This classification will be 

discussed in more detail in the following chapters. Additionally, there are many post-assembly 

line tailoring events such as glycosylation, acylation, alkylation and oxidation, altogether 

resulting in an enormous structural diversity of PKS-derived products.[23,31] 
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6.2 Classification of PKS and FAS 

Although PKS and FAS systems rely on the same principal reaction mechanism as shown in 

Figure 3, huge differences in the arrangement of enzymes and product spectrum can be found 

(Figure 5-7). These differences include, among others, the overall protein structure and an 

iterative use of catalytic domains. Accordingly, PKS systems can be divided into three main 

classes, while FAS can be divided into two.[23,32] In this section, the main differences of the 

classes of both systems are summarized, chapter 6.3 deals with insights in the overall protein 

structure and protein-protein interactions within those systems. 

6.2.1 PKS 

The overall classification of PKS types is based on their protein-arrangement, the resulting 

product and the host organism (Figure 4).[23,28,33] Type I PKS are multi-modular and due to 

dimerization, they form a multifunctional enzyme complex that produces predominantly 

reduced linear or cyclic polyketides. This type is widespread in bacteria and fungi.[34] In 

contrast, type II PKS consists of monofunctional enzymes, postulated to form a multienzyme 

complex, resulting in aromatic polyketides. Type II systems are only found in bacteria.[35] 

Type III systems also consist of monofunctional enzymes but without ACPs. The reaction 

products derived from type III PKS are small aromatic compounds usually found in plants.[36] 
 

 
Figure 4. Different types and subtypes of PKS systems. Organisms in bold are the main representatives 
of the corresponding PKS system. NR = non-reducing, PR = partly reducing, HR = highly reducing.[23] 
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6.2.1.1. PKS Type I 

PKS I systems consist of modules. A module is (part of) one polypeptide chain, which harbors 

the different enzymatic domains for the processing of one polyketide building block. The vast 

majority of modular PKS I systems are known to act in a collinear fashion, in a non-iterative 

way and are consequently well-known as assembly lines.[37–39] Thus, it might be possible to 

predict PKS I-derived products according to their modular organization equipped with the 

enzymatic domains. These modules can be divided into the loading module that enables the 

covalent linkage of the ac(et)yl-starter unit and several extension modules that are responsible 

for loading the malonate, or derivative thereof, in each elongation cycle (Figure 5b).  

The final module (termination module) is typically terminated by a TE-domain to release the 

final polyketide product via hydrolysis or macro-cyclization.[40,41]  

 

To date, four different loading modules are well-known for PKS I systems, which shuttle 

acetate, propionate, or in rare cases, aromatic starter units (Figure 5a).[42]  

For instance, the 6-deoxyerythronolide B synthase (DEBS), responsible for the biosynthesis 

of erythromycin, contains a loading module composed of an acyltransferase (AT) and an ACP 

(Figure 5a,c). Here, a propionyl-CoA is loaded by the so-called ATL (the loading AT) to the 

adjacent ACP (loading ACP, ACPL, loading module: ATL-ACPL) followed by a further transfer 

to the conserved cysteine, located on a KS of the next extension module for further processing 

(Figure 5a, first loading mechanism). 

 

However, the vast majority of other modular PKS possess an additional KS-domain in their 

loading module.[42] This KS-domain has a mutation of the active site cysteine, which is replaced 

by a glutamine and therefore known as KSQ (loading module: KSQ-ATL-ACPL).[43] This KSQ-

domain is unable to fulfill a condensation reaction but still owns its decarboxylation activity, as 

it is well known for the production of monensin molecules (Figure 5a, second loading 

mechanism).[43] Hence, the acyl moiety of the malonyl-CoA or methylmalonyl-CoA starter unit 

is transferred to the ACPL by the ATL and decarboxylated by the KSQ, before moving to the KS-

domain of the extension module.  

 



The Logic of the PKS and FAS Thiotemplate Reactions  
 

8 
 

 
 
Figure 5. Type I PKS. Different loading mechanisms in PKS I systems (a). KS-domain catalyzed 
Claisen-condensation reaction (b). Logic of PKS I exemplified by the domain organization of the 
6-deoxyerythronolide B synthase (DEBS, three proteins and seven modules). The proteins are 
connected by docking domains; catalytic domains are indicated by their corresponding label. The KR°-
domain of DEBS module 3 has lost its reductive activity (c).[44] 
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The third loading mechanism (Figure 5a) was well-described for the biosynthesis of rapamycin 

and uses a mechanism where free acids are adenylated and loaded subsequently by the AT-

domain.[45] This mechanism is analogous to the activation mechanism of adenylation-domains, 

the counterparts of PKS AT-domains in the biosynthesis of non-ribosomal peptides.[38] This 

adenylation domain is therefore referred to as AD and acts in combination with a neighboring 

ACP, giving rise to the loading module ADL-ACPL. Generally, synthases using this loading 

module incorporate partially oxidized cyclohexane-carboxylate or aromatic units, derived from 

the shikimate pathway (see also 6.2.3).[46,47] These precursors are further modified with 

hydroxyl or amino side chains, for example, as demonstrated in rifamycin synthesis.[48]   

 

The loading module of the myxobacterial polyketide myxovirescin A uses an additional, so-

called GNAT-domain[49], giving rise to GNATL-ACPL-loading modules. GNAT represents an 

N-acyltransferase, belonging to enzymes that are typically responsible for an acyl transfer to a 

primary amine. To this date, GNATL-domains in PKS loading modules have been shown to 

decarboxylate malonyl-CoA to acetyl-CoA prior to ACP-loading, without the use of an ATL-

domain. This reaction mechanism differs from the decarboxylation and transfer mechanism in 

KSQ-ATL-ACPL-loading modules. (Figure 5a, fourth loading mechanism).  

An extension module of PKS I typically consist of KS-AT and the optional reduction domains 

KR, DH and ER.[33] Additionally, some PKS extension modules consist of a C-methyl-

transferase-domain (MT) for methylation of the β-keto polyketide intermediate in α-position.[50] 

Extension modules in type I systems typically load malonates but compared to the other PKS 

types, they are more promiscuous to malonate derivative extender units such as methyl-, ethyl- 

or chloromethyl-malonate.[42] The acyl moieties can be directly loaded from their corresponding 

CoA ester onto the ACP by the AT of the extension module.[51]  

Other examples, such as methoxy-, hydroxy- or amino-malonate, are synthesized by 

modification enzymes on an ACP-tethered acyl unit.[51] Genes encoding modification enzymes 

are often found within or flanking the associated BGC, while the CoA-linked extender units are 

used from primary metabolism.[51]    

 

Non-iterative PKS I can be further subdivided into cis- and trans-AT-PKS (Figure 4). Trans-

AT-PKS I systems describe all systems with a trans-acting AT-domain, while cis-PKS I 

systems describe the conventional arrangement. Interestingly, the trans-AT-PKS has a 

flanking subdomain (FSD) appended to the C-terminus of the KS-domain. It is argued if that 

helical motif might be either important for protein-protein interaction of the trans-AT with the 

corresponding module or to serve as ‘spacer’ to provide room for AT-interaction.[52] To date, 

trans-AT PKS I are exclusively found in bacteria.[53] 
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In contrast to non-iterative PKS I, iterative ones are a fungi hallmark,[54] which also do not follow 

the principle of collinearity. Here, the modules are used repeatedly with the degree of the 

reduction catalyzed by the KR-, DH- and ER-domains varying in the extension cycles. This 

mechanism is not yet fully understood, hampering the prediction of the resulting polyketide 

product.[23]  

According to the presence of the reduction domains, fungal PKSs are further sub-classified 

into nonreducing (NR), partially reducing (PR), or highly reducing (HR) PKS (Figure 4).[23] The 

bacterial counterparts of non-iterative PKS I systems are rare. Usually they consist of 

monomodular PKS I systems, responsible for producing small aromatic compounds that result 

from linear polyene intermediates, such as enediyne.[55,56] 

6.2.1.2. PKS Type II 

Type II PKS systems do not use modules equipped with the enzymatic domains, but rather 

consist of free-standing, monofunctional enzymes that act in an iterative manner (Figure 6). 

Currently, type II PKS systems are only found in Gram-positive bacteria, such as 

Streptomyces[35] and only a few examples exist in Gram-negative bacteria (see section 6.4). 

The products of a type II PKS system are mostly aromatic.[23] Typically, a malonyl-CoA-derived 

malonyl-ACP serves as a starter unit, whereas the MCAT is shared with FAS II systems[57] and 

transfers the acyl moiety from malonyl-CoA to the holo-ACP to create the malonyl-ACP. The 

exclusive use of malonyl-CoA as an extender unit is controlled by the stringent substrate 

specificity of MCAT.[58] The malonate is further transferred to the conserved cysteine of the 

elongation KSα. KSα forms a heterodimer with KSβ, also known as chain-length factor (CLF).[59] 

The CLF acts similar to the KSQ in the loading module of type I PKS (see Figure 5) to generate 

the acetyl-starter unit. This starter unit is elongated with a newly loaded malonyl-ACP to result 

in the first β-ketoacyl product, which is again transferred to KSα, for repeated elongation cycles 

(Figure 6 or Figure 17).[59]  
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Figure 6. Type II PKS. Chain elongation reaction is conducted with malonate starter- and elongation 
units in a decarboxylative Claisen-condensation reaction mediated by the KS, which in turn forms a 
heterodimeric complex with the CLF. Together with the ACP and the MCAT, from primary metabolism, 
the minimal PKS is formed (a). The aromatic scaffold is formed by further interplay with the KR, ARO 
and CYC, which is exemplified by the actinorhodin-synthase. Several shunt products (SEK) can be built 
upon missing processing enzymes (KR, ARO, CYC) (b).[60] 

KSα catalyzes malonyl decarboxylation of the elongation unit by the aid of two conserved 

histidines.[61] The lack of any further reduction enzyme at this point in time makes products of 

type II PKS the quintessential polyketide, as the resulting ACP-attached intermediate forms a 

highly reactive polyketone product.[7]  
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This intermediate is stabilized in the amphiphilic cavity of the heterodimeric KSα:KSβ (further 

KS:CLF).[61] The CLF is postulated to be further responsible for chain-length control, resulting 

in typical chain-lengths of 16 (octaketide), 20 (decaketide) or 24 (dodecacetide) carbon 

atoms.[23,61] This corresponds to 8, 10 or 12 extension cycles for acetate, which is typically used 

as a starter unit. During in vitro investigations with non-acetate starter units, it was shown that 

the synthase adapts the number of carbons, corresponding to the original length, concluding 

that the KS:CLF-cavity ‘measures’ the product length instead of ‘counting’ the cycles.[57] 

Several non-acetate priming mechanisms are described under 6.2.3. 

KS:CLF and ACP (plus MCAT) are well-known as ‘minimal PKS’ and the encoding genes are 

typically found next to each other in one open reading frame (compare Figure 17 and Figure 

21).[35] In the following step, the polyketone is cyclized and further reduced in C9-position by a 

cyclase (CYC) and a KR, respectively, prior to be aromatized by an aromatase (ARO) (Figure 

6). As a result, the polyketide is cleaved off and the overall aromatic structure is formed.[35] The 

first cyclization reaction usually takes place between C7-C12 (actinorhodin) or C9-C14
[60] (see 

Figure 6). Despite the widely long-held assumption that reduction takes place prior to ring 

cyclization, recent studies on docking experiments with cyclic substrates show that the first 

ring is necessary to position the intermediate for the regioselective C9-reduction.[62–65] 

In the absence of the KR (and other tailoring enzymes), that exclusively reduces the C9 

position, the spontaneous reaction products (shunt products) SEK4 and SEK4b are 

synthesized. These products are the result of mis-cyclization events of the ACP-bound 

octaketide in actinorhodin biosynthesis,[60] which is based on eight elongation cycles (Figure 

6). Two other shunt product pairs are known to be expected, depending on the used minimal 

PKS (10 or 12 cycles).[57] Upon heterologous production of the actinorhodin gene cluster, two 

additional shunt products, mutactin and dehydromutactin, are synthesized after cyclization and 

might occur due to the non-effective interplay of the enzymes within a heterologous host.[66] 

However, such control mechanisms are still under investigation. 

 

In most of the cases, if not all, the aromatic core structure is further processed by tailoring 

enzymes, resulting in methylation, oxygenation or glycosylation events.[31] 

Due to this immense diversity, product prediction of PKS II systems can be challenging and 

sometimes impossible, without preliminary analysis of the product spectrum derived from the 

‘minimal PKS’.  

6.2.1.3. PKS Type III 

Type III PKS systems are commonly found in plants, with fewer occurrences in bacteria and 

fungi. In plants, they are named after their small aromatic compounds (typically mono- or 

bicyclic aromatic products) as stilbene (STS) or chalcone synthases (CHS) (Figure 7).[23,36,67,68] 
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Although PKS III are monofunctional enzymes, similar to PKS II systems, they lack an ACP.[67] 

Hence, the biosynthesis works throughout the interplay of CoA-derivatives and the 

homodimeric KS, which catalyzes the priming, extension, and cyclization reactions to form the 

polyketide intermediates. Typical starter unit representatives are p-coumaroyl-CoA and trans-

cinnamoyl-CoA, which are derived from tyrosine or phenylalanine by an ammonia lyase and a 

CoA-ligase. The aromatic acyl moiety of the starter unit is attached to the KS and exclusively 

elongated with malonyl-CoA extender units. This step is sequentially repeated and results in a 

polyketide chain intermediate, which is formed and cyclized via intramolecular aldol cyclization 

within the active site cavity of the KS (Figure 7).  

 

Figure 7. Type III PKS. Decarboxylative chain-elongation reaction takes place with aromatic starter- 
and malonate extender units by a homodimeric KS (a). Synthase-specific different products are built. 
Exemplified, a C6-C1 cyclization is performed by a chalcone-synthase (CHS) and leads to naringenin, a 
C2-C7 cyclization is catalyzed by a stilbene-synthase (STS) and leads to resveratrol, both produced in 
plants (b).[36] 
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Depending on the PKS, the cyclization reaction results in either naringenin (CHS, C6/C1-

cyclization) or resveratrol (STS, C2/C7-cyclization), the latter one when p-coumaroyl-CoA is 

used as a starter, instead of cinnamoyl-CoA (Figure 7).[36] 

6.2.2  FAS 

Comparable to PKS systems, FAS systems can be distinguished into two types. Type I FAS 

are large megaenzyme complexes consisting of multiple catalytic domains, comparable to 

PKS I systems. All FAS I systems act in an iterative manner. This kind of system is found in 

mammals, fungi and corynebacterial.[69] In contrast, type II FAS consists of monofunctional 

enzymes[65,70,71], comparable to PKS II systems, and have been found in bacteria, plants, 

parasites and eukaryotic mitochondria.[23,70,72] 

Typically, a microorganism is equipped with only one type of FAS, which is located in the 

cytoplasm, while an exception is found in mycobacteria. Mycobacteria do have both systems, 

type I and type II FAS, enabling the production of very-long chained mycolic acids that are 

used to form their characteristic cell envelope (see also Figure 38).[73]  

In general, a type I FAS produces C14-C16 saturated fatty acids.[74] Type II systems are more 

flexible and produce different chain-length, unsaturated, iso- and anteiso-branched and 

hydroxy fatty acids.[70] 

6.2.2.1. FAS Type I  

FAS I are well-known to form reaction chambers, which can be subdivided in loading/unloading 

(MAT/MPT, ACP, TE), condensing (KS) and modification (KR, DH, ER) compartments upon 

domain distribution (Figure 8) (for more structural details, see section 6.3). FAS I systems are 

primed with acetyl-starter units, loaded by a malonyl-acetyl transferase (MAT, loads malonyl- 

and acetyl-starter units)-domain or in the case of fungal FAS a malonyl-palmitoyl transferase 

(MPT)-domain. The ACP-tethered cargo is elongated with malonate extender units by the KS-

domain and reduced, dehydrated and reduced again with the processing domains (KR, DH, 

ER) as it was described in more detail under 6.1.[75] Corresponding to the host, enzymatic 

release of the ACP-bound acyl moiety is mediated by an MPT/MAT- or a TE-domain.[75,76] 
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Figure 8. Type I FAS reaction chamber. The synthase is grouped in a condensation and modification 
compartment, equipped with the enzymatic domains, including the mobile ACP-domain. The reaction 
order is explained in the main text. The figure was modified according to reference [75].   

6.2.2.2. FAS Type II 

In contrast to type I systems, the reaction in FAS II involves monofunctional enzymes. Most of 

them are present in multimeric forms.[65,70] This includes, among others, the three homodimeric 

KS FabH, FabB and FabF.  

FabH is responsible for priming the holo-ACP with the ac(et)yl-CoA starter units. Depending 

on these starter units, different fatty acids are produced (compare 6.2.3). FabB and FabF are 

elongating KSs, which can iteratively condense acyl-ACP intermediates with malonyl-ACP, 

generated from malonyl-CoA by the MCAT (FabD). Malonyl-CoA, in turn, is synthesized from 

acetyl-CoA, which is carboxylated by an acetyl-CoA:carboxylase (ACC) (Figure 9). FabB 

elongates short-chain fatty acids from C4 up to C16 and FabF typically from C16 to C18.
[77]

 

NADPH-dependent ketoreduction of the β-ketoacyl product is conducted by the tetrameric KR 

FabG [78], prior to dehydration, which is either performed with the homodimeric DH FabA or the 

hexameric DH FabZ to result in trans-enoyl-ACP. FabA eliminates water from β-hydroxy 

decanoyl-ACP to enable the isomerization of trans-2-decenoyl-ACP for generating the cis-

form.[65] FabZ is not able to perform the isomerization reaction and prefers short (~C4-C12) and 

longer chain substrates (~C14-C16).[79]  

Mono-unsaturated fatty acids are produced by the interplay of FabA, FabB and FabF. Here, 

FabA produces trans-2-decenoyl-ACP and FabB further elongates it. To maintain the 

unsaturation, the ER step is omitted. FabF further elongates this ‘long-chain’-substrate due to 

its C14-C16 specificity.[65] The fatty acid cycle is completed by the NADH-dependent enoyl 

reduction, catalyzed by the tetrameric ER FabI or FabK (Figure 9). 
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Figure 9. Type II FAS. Corresponding reactions are explained in the main text. LPA = lysophosphatidic 
acid PlsX = acyl-ACP phosphate acyltransferase, PlsY/PlsB = glycerol-3-phosphate (G3P) 
acyltransferase. 

If not released by an MPT/MAT- or TE-domain, acyl-ACPs are also used for the biosynthesis 

of phospholipids (Figure 9). Hereby, the acyl-ACP serves as a starter to form 1-acyl-glycerol-

3-phosphate by the use of different acyltransferases from the PlsX-Y pathway. This pathway 

is the most ubiquitous system in bacteria.[80] The acyl-group from acyl-ACP can be either 

directly transferred to glycerol-3-phosphate (G3P) by PlsB, or first activated to an acyl 

phosphate by PlsX and then transferred to PlsY. In both cases, 1-acyl-glycerol-3-phosphate, 

also known as lysophosphatidic acid (LPA), is formed. The second position of the LPA is further 

acylated by PlsC to form phosphatidic acid (PA), which in turn forms the central building block 

in phospholipid biosynthesis.[81] To this central building block, different polar head groups are 

attached,[80] thus, resulting in cardiolipids, phosphatidylethanolamides and phosphatidyl-

glycerides, which are the major lipids found in Gram-negative E. coli.[82] 
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6.2.3 Comparison of Non-Acetate Priming Reactions in Type II Systems 

The vast majority of polyketides derived from PKS II systems are malonyl-derived acetate 

starter units, as described in chapter 6.2.1.2.[46] Nevertheless, an array of non-acetate 

examples have been described over the last few years, including straight- or branched-chain 

fatty acids, ω-alicyclic, aromatic and amino acids, with all of them playing a considerable role 

in product diversity.[46,83] 

 

To date, three main strategies for non-acetate priming in PKS II systems are known (Figure 

11). The first strategy is based on an additional interplay of so-called KAS III-enzymes to load 

fatty acid precursors. The second strategy gives rise to an alternative route for loading 

propionate starter units. The third strategy includes the loading of acyl moieties by an acyl-

CoA-ligase, in combination with an AT, to load aromatic or amino acid starter units (Figure 11).  

 

In the previous section, the KAS III-enzyme FabH was presented to be in charge of the initial 

elongation reaction in FAS II systems. Here, the FabH is not only responsible for the starter 

unit selection but also for condensing of acetyl-CoA and malonyl-ACP units. Thus, this reaction 

includes transacylation, decarboxylation and condensation activity.[84] Depending on its 

substrate specificity, FabHs can use different non-acetate starter units for priming. Besides 

acetyl starter units, also the use of propionyl- and butyryl-starter leads to straight-chain fatty 

acids. The use of isopropyl- isobutyryl and methylbutyryl-CoA, in contrast, results in branched-

chain fatty acids (Figure 10).[84,85] Iso-branched precursors are most-likely derived from the 

branched-chain α-keto acid dehydrogenase (BKD)-pathway, which creates a CoA-activated 

iso-branched precursor generated from valine, leucine and isoleucine (Figure 10).[86,87] 

ω-acyclic starter units that can be used by a KAS III are derived from multiple reactions from 

shikimic acid and products thereof.[47] 

 

Figure 10. Different precursor molecules derived from primary metabolism.  
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In most organisms, only one FabH enzyme is present. However, the existence of two FabHs 

has been described from exceptional cases. The two FabHs from Vibrio cholerae for example, 

have different substrate specificities; one accepts short chain-length and the other one medium 

chain-length substrates.[30] In the case of Bacillus subtilis, an additional FabH accepts iso- and 

anteiso-branched acyl-CoAs as substrates, besides the linear ones.[85]  

 

The KAS III priming strategy (Figure 11a) generates either diketides, which can be directly 

loaded to the ACP of the minimal PKS or used as ACP-processed intermediates. The first case 

was described for the propionyl starter in daunorubucin biosynthesis using a KAS III for the 

generation of the elongated propionyl starter, used by the minimal PKS.  

The second process includes most likely an interaction of FAS II enzymes to generate the 

processed saturated products and involves the use of a second ACP and an additional AT, as 

it was described for the fatty acid precursors in frenolicin and R1128 biosynthesis 

(Figure 11a).[23,46] Interestingly, KAS III enzymes involved in priming reactions with a second 

ACP show orthogonal ACP specificity, with the ACP carrying a conserved tyrosine that is 

important for KAS III recognition.[88] Alternatively, in hedamycin biosynthesis, these reactions 

are replaced by an iterative PKS I module, which is assisted by the KAS III and an AT for 

loading the minimal PKS ACP.  

 

In lomaiviticin biosynthesis, another strategy to generate propionate starter units was recently 

demonstrated (Figure 11b).[89] Despite its seeming resemblance to the known mechanism of 

CLF(KSβ)-mediated acetate generation by decarboxylation of a malonate unit, a 

methylmalonate is used instead. A bifunctional enzyme catalyzes the decarboxylation of 

methylmalonyl-CoA and simultaneously and the transfer reaction of the acyl moiety to generate 

propionyl-ACP, which is further elongated with the minimal PKS (Figure 11b). 

 

The third priming strategy involves a CoA-ligase and an AT (Figure 11c). To date, this strategy 

has only been described for a few examples. Well studied systems are the enterocin, 

tetracycline and aurachin pathways using benzoate, malonamate and anthranilate starter 

units, respectively.[46,90] The transfer strategy is similar to the one from modular PKS I systems, 

where an acyl-CoA-ligase is responsible for activation of the acid substrate and the AT-domain 

for the transfer reaction of the non-acetate acyl moiety onto the ACP, prior to their attachment 

to the corresponding KS for further elongation (compare, Figure 5).[83] Benzoate and 

anthranilate starter units are derived from phenylalanine and the shikimate pathway, 

respectively.[47] 
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Figure 11. Non-acetate priming in PKS II systems. For more details of the different reactions, see main 
text. 

Taken together, the co-occurrence of genes encoding for KAS III enzymes, an additional ACP, 

a CoA-ligase or an AT, are strong indicators of non-acetate starter units used for biosynthesis 

of PKS II-derived products.[83] 
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6.3 The Protein Architecture of PKS and FAS Systems 

The objective of this chapter is to provide an overview of the overall protein structure of FAS 

and PKS systems, emphasizing protein-protein interactions in type II systems. Elucidating the 

interactions of type II systems remains a challenging task, due to the non-covalent interactions 

of the involved enzymes, which are postulated to form multienzyme complexes.[65] Type I 

systems have evolved from type II by a gene fusion event.[91] Thus, an overview of the different 

shapes of the highly effective multifunctional enzyme complexes of type I systems will also be 

addressed. 

6.3.1 Type I Systems – Different Synthases  

As already introduced in section 6.2, FAS I and PKS I systems form multifunctional enzyme 

complexes. Comparative genomic analyses indicate that the megaenzymes of both systems 

share a common ancestor.[76] Although Type I systems have in common their modular 

architecture, some remarkable and characteristic differences between FAS I as well as PKS I 

systems have evolved (Figure 12).[76]  

 

The dimerization of FAS and PKS modules is essential for their function. This dimerization is 

formed by dimeric KS-, DH-, TE- and ER- (not always) domains with the additional help of 

dimerization elements.[92] Hereby, the KS is the only enzymatic domain that requires a dimeric 

state for activity.[93] Each domain connection is formed by a linker region. Non-iterative 

modules, in the case of PKS assembly lines, are additionally connected in a head-to-tail 

fashion with unstructured linker regions or docking domains to form the effective assembly 

lines.[44] 

 

Because of the large size of these megaenzymes, ranging from several hundred kilo- to 

megadalton, it is challenging to get structural data, in particular, if there are ongoing dynamic 

processes. These dynamic processes include conformational changes, not only described for 

the flexible Ppant arm or the mobile ACP but also for the overall system.[44,76] 

Catching these dynamics within a whole module was faced in recent years with the 

combination of cryo-electron microscopy, small-angle-X-ray scattering, and crystal structure-

based visualization methods.[94–101] Fortunately, due to the latest structural data, synthases 

from each type can be compared (selected representatives, see Figure 12). 
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Figure 12. Comparison of protein architectures from type I synthases. Barrel-shaped fungal FAS from 
Saccharomyces cerevisiae (heterododecameric: 2.6 MDa, PDB: 3HMJ). Mammalian FAS, porcine 
(dimeric: 540 kDa, PDB: 2VZ9). Iterative HR-PKS, Mycobacterium tuberculosis, Mas-like 
(dimeric: 446 Da, PDB: 5BP1, 5BP4). The ACP-interaction site is marked with an asterisk in mammalian 
and HR-PKS I. Domain duplications and scaffolding elements are depicted in grey.  

The largest and most static synthase from type I systems represents the fungal barrel-shaped 

megasynthase of Saccharomyces cerevisiae, also known as yeast FAS (Figure 12).[100] This 

megasynthase consists of a 2.6 MDa heterododecameric complex (composed of six α and β-

sheets, α6β6) with an embedded PPTase-domain. Bacteria, typically use FAS II systems and 

the only known bacterial counterpart of a FAS I is assembled in the Mycobacterium 

tuberculosis and forms a smaller but still 1.9 MDa complex (β6), without a PPTase-domain.[99]  

The bacterial FAS I is described as a mini-version of the fungal FAS I. Both systems consist 

of reaction chambers, which are stabilized by a high proportion of scaffolding elements 

(35-50% of the overall structure).[75] Less scaffolding domains in the bacterial FAS I are 

believed to have an impact on the structure by providing more flexibility.[99] Within the reaction 

chambers, the mobile ACP-element shuttles the intermediates between the active sites.[99]  

 

The mammalian FAS I is structurally related to a PKS I module and in contrast to the static 

fungal and bacterial FAS I, harbors only minor amounts of scaffolding elements, resulting in 

an increased flexibility (Figure 12).[76,102,103] The closest relative to the mammalian FAS I, 

according to the presence of processing domains (including KR-, DH- and ER-domain), is 

formed by an iterative HR-PKS (see Figure 4). The so far only solved structure for an HR-PKS 

is reported for the MAS-like synthase from Mycobacterium tuberculosis (Figure 12). In general, 
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the mammalian FAS I and PKS I synthases occupy a more open X-shaped structure, 

consisting of a homodimer (α2). Here again, the ACP-bound acyl chains are sequestered in 

reaction chambers. According to their structure, FAS I and PKS I systems are divided into a 

condensing (including the loading modules) and a modifying part.[104] The condensing part 

remains constant regarding its domain endowment and the modifying part changes upon 

addition or lack of the processing domains in PKS I systems (KR-, DH-, ER-domain).[102,105][75]  

The flexibility of FAS I was demonstrated to take place around the linkage of the condensing 

and modifying parts, plus some flexibility in waving motions towards each other (Figure 13). 

 

Figure 13. Flexibility in mammalian FAS in swinging and waving motions. The figure was modified 
according to reference [75]. 

Recently, cryo-EM structural data reported also a high flexibility in a trans-AT PKS I upon 

different acylation states.[52] Although there are striking differences between the systems, there 

is still a large intersection that has opened the way for targeted protein engineering.[44,106–109]  

6.3.2 Type II systems – Protein-Protein Interactions 

In contrast to type I systems, which evolved in effective reaction chambers[106], type II systems 

require a different concept to control substrate selectivity and the order and timing of the 

multiple reactions.[65] The corresponding protein-protein interactions are either more transient 

or result in tight complexes and will be presented in the following. Prior to addressing the 

differences between protein-protein interactions of PKS II and FAS II systems, the special 

features (additionally, to the prosthetic Ppant arm (see Figure 2)) of the ACP are explained in 

more detail.  
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6.3.2.1. Small but Powerful – The ACP 

ACPs are responsible for the interaction with all the other proteins involved in polyketide and 

fatty acid biosynthesis.[65] The structure of an ACP is conserved, consisting of a helical bundle 

fold with four helices, three major ones (helix I, II, IV) and one minor one (helix III) (Figure 14). 

Helix I and II are joined by a flexible loop. The conserved serine (within the motif DSX, X being 

typically L or R) for the attachment of the Ppant arm is located at the end of this loop and at 

the beginning of helix II.[27]
  

 

Figure 14. NMR solution structure of the typical helical bundle fold of the actinorhodin ACP from a type II 
PKS (PDB: 2K0X). Highlighted in light blue is the conserved cysteine side chain for Ppant attachment. 
The figure was generated using PyMOL 2.3.2. 

Helix II is reported as the ‘recognition helix’, involved in initial protein-protein interactions. 

These interactions originate from the ACP by polar and negatively charged residues, followed 

by hydrophobic interactions. This kind of non-covalent interaction motif was recently reported 

to have similarities with the ‘ubiquitin interacting motif’.[110]   

 

Additionally, the ACP-coupled Ppant arm can switch between two different conformation 

states, bound in a hydrophobic pocket or on the protein surface (Figure 15). During the 

sequestering in the hydrophobic pocket, the intermediates are protected against (auto)catalytic 

reactions.[111] Upon protein-protein interactions, the Ppant arm can be translocated to the active 

site of the interaction partner, a process which is also known as chain-flipping 

mechanism.[111,112] This mechanism is exclusively found in type II systems since type I systems 

exclusively catalyze the corresponding reactions in their reaction chambers.[60,113] Furthermore, 

in type II FAS, the Ppant-coupled intermediates are completely buried in the ACP, while in 

PKS II systems, the chain is only partially sequestered, representing a hydrophobic cave rather 

than a pocket. The chain sequestering takes place between helix II and III (Figure 15).[60] 
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Figure 15. Acyl-chain (blue) sequestering in PKS and FAS systems. PKS I/FASI: acyl-chain 
sequestering in reaction chambers, PKS II: partially sequestered acyl-chain in hydrophobic cave, FAS II 
fully sequestered acyl-chain in hydrophobic pocket. The figure was modified according to reference [60]. 

Consequently, the ACP has two different roles during the biosynthesis: Sequestering and 

transferring the intermediates to the active center of the involved enzymes and enabling the 

specific interactions with all interaction partners.[65] Although the general role of the carrier 

proteins in both, PKS II and FAS II systems, remains the same, the single reactions and 

interactions with involved proteins are different. Representative interaction mechanisms will be 

presented in the following. 

6.3.2.2. Protein-Protein Interactions in PKS II Systems 

The enzymes involved in protein-protein interactions of PKS type II systems are presented in 

Figure 16. Recent findings of the overall interaction network, which is still little known, will be 

discussed in this section.  

 

 
Figure 16. Enzymes involved in PKS II systems. Depicted are proposed protein-protein interactions 
being responsible for producing the aromatic polyketide scaffold. Not included are enzymes involved in 
post-tailoring processes. The figure was modified according to reference [65]. 

The groundbreaking and only X-ray structure of the heterodimeric KS:CLF complex of the 

actinorhodin synthase from Streptomyces coelicolor, gave striking insights in the action of the 

minimal PKS part (PDB 1TQY) (Figure 17).[61] The tube-like cavity, responsible for chain-length 

determination, is localized at the interface of the two enzymes. The acylation with the 
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polyketide takes place at the so-called nucleophilic elbow.[61] The decarboxylation of the 

malonate extender unit during chain elongation, is mediated by two histidines in the active site.  

 

Figure 17. Minimal PKS in action. i The conserved cysteine of the KS is either acetylated (from 
decarboxylated malonate) or acylated with the growing acyl chain ii Decarboxylative Claisen-
condensation  takes place with a malonate extender unit, loaded onto the ACP by the MCAT (see also 
above). For reloading the malonate units, repeated ACP association and dissociation from the KS:CLF 
to the MCAT is needed. iii After elongation, the acyl-chain is back-transferred to the cysteine residue of 
the KS to start with a new elongation cycle. The figure was modified according to reference [61]. 

In contrast to the repeated interactions with the processing partner proteins (KR, DH and ER) 

of FAS II systems, the ACP from PKS II interacts during the elongation process exclusively 

with two enzymes. The MCAT, for reloading malonate elongation units as well as with the 

KS:CLF complex (Figure 17).[61] In this process, the elongated polyketone is sequestered 

within the amphiphilic cavity of the KS:CLF heterodimer.[61] In this way, the polyketide 

intermediate remains protected during the elongation process, while the ACP switches 

between MCAT and KS:CLF to reload the malonate units (Figure 17, ii).[61] However, this 

repeated assembly and disassembly is poorly understood. During in vitro biosynthesis, there 

is even no need for an MCAT, since a self-malonylation of the ACP takes place.[114] It is further 
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supposed that the polyketide intermediate gets stabilized by some ketides, which are enolized 

and interact with side chains of the KS:CLF-amphiphilic tunnel.[60]  

After reaching the final length, which is determined by some gate-keeper residues of the CLF 

(CLF: Phe109, Thr112 and Phe116),[61] the chain is sequestered in the hydrophobic cavity of 

the ACP instead, between helix II and III.[60,65,115]  

 

It is described that the acyl cargo is not protected in total length in this cavity (compare Figure 

15). In contrast, it was shown that it is partly solvent-exposed, which enables a further ACP-

KR reaction and leads to the first cyclization event (actinorhodin C7/C12, see Figure 6). This is 

evident, if considered, that a missing KR leads to miss-cyclized products, due to the areas of 

the polyketide not being protected.[60] The transferred linear polyketide intermediate gets 

stabilized by the ACP for the regiospecific C9 reduction by the KR after dissociation of the 

KS:CLF complex.[60] Nevertheless, the overall interplay of the first cyclization event remains 

elusive. The initial involvement of KS:CLF mediated cyclization cannot be excluded, as the 

reaction takes place by spontaneous aldol chemistry.[35,116]  

 

The binding of the first cyclized reduced intermediate is proposed to facilitate the dissociation 

of the tetrameric KR from the ACP, followed by association of the ARO/CYC (compare Figure 

6).[65] While CYCs are quite heterogeneous in sequence and structure (also regarding 

multimerization), they are supposed to function in a chaperon-like manner.[117] Furthermore, 

they mediate the specific cyclization reactions via aldol condensations in defined reaction 

channels.[35] Here, the highly reactive polyketide intermediates are protected prior to getting 

aromatized by the mono- or dimeric AROs.[35,117,118] CYCs are not only supposed to be involved 

in stabilizing the overall complex, as their presence prevents the production of shorter 

polyketides but also to stimulate the turnover rate of the complex.[117]   

 

However, the exact interplay between the minimal PKS and the KR with the ARO/CYC remains 

obscur. 
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6.3.2.3. Protein-Protein Interactions in FAS II Systems  

In contrast to type II PKS systems, where the polyketide is sequestered within the minimal PKS 

for elongation and is only pulled out for further tailoring reactions, the fatty acid intermediate in 

FAS II is buried in the hydrophobic pocket of the ACP instead, and is flipped out upon protein-

protein interactions with the processing enzymes (Figure 18).[65] Because of the multiple 

reactions with several enzymes, these interactions with the ACP must be tight enough, so that 

the chain-flipping of the intermediate is mediated, but loose enough to switch in an efficient 

manner between the different reaction partners.  

 

 

Figure 18. Enzymes involved in protein-protein interactions of FAS II systems. The figure was modified 
according to reference [65]. 

As already indicated, this chain-flipping mechanism is initiated with the recognition helix II of 

the ACP.[60] Structural data of all stand-alone enzymes involved in FAS II systems exist.[70] 

However, to understand the distinct interaction-mechanisms and interaction sites, it is 

necessary to get structural data of enzyme complexes. The transient interactions during FAS II 

biosynthesis are challenging to trap. To overcome this, several cross-linking (=) strategies 

have been developed and recently resulted in the X-ray structure of ACPs with the two 

elongation KS FabB and FabF (ACP=FabB, ACP=FabF) and of the ACP in complex with the 

DH FabA (ACP=FabA).[65,119] Both KSs share a gating mechanism upon protein-protein 

interaction with the ACPs (Figure 19). Different to the minimal PKS (ACP plus KS:CLF, MCAT), 

each subunit of the homodimeric KS, forms a cross-linked complex with one ACP, leading to 

a hetero-tetrameric complex.[120]  
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Figure 19. Chain-flipping mechanism during ACP:KS interaction. i Binding pocket of KS with catalytic 
triade C163, H303, H340 and gatekeeper residue F400. ii Association of ACP through recognition 
helix II, ‘gate-open’. iii Conformational changes in loop 1 and 2 (not depicted) allows chain flipping and 
enclosing of reaction site by gating residue F400, ‘gate-close’. iv Transacylated KS. The figure was 
modified according to reference [120]. 

The gating mechanism during ACP=KS interaction describes a conformational change in two 

loops (loop 1 and loop 2) of the KS, after protein-protein interactions with recognition helix II of 

the ACP.[120] This conformational change leads to chain-flipping and transfer of the 

intermediate to the conserved cysteine in the active site of the KS (Figure 19). A phenylalanine 

residue is described to be the gatekeeper residue to prevent the solvent from entering the KS 

active site and to avoid unwanted side reactions. This gating mechanism was described as 

comparable to a drawbridge-like mechanism (Figure 19).[120]  

 
Striking interactions were revealed by solving the native crystal structure of hexameric FabZ 

(three arranged homodimers), with each homodimeric subunit binding one ACP (Figure 20).[119] 

Here, a different mechanism to induce the chain-flipping takes place. This mechanism is 

supposed to function in a seesaw-like manner to regulate the substrate shuttling. The seesaw-

like mechanism is mediated due to the large structural changes of FabZ. During this process, 

the ACP recognition helix II binds near the active tunnel of FabZ (catalytic diade: conserved 

His-Asp-motif), while a conserved arginine residue is supposed to play an important role in this 
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protein-specific recognition, prior to hydrophobic interaction takes place.[65,119] The binding of 

the ACP through recognition helix II induces a β-layer within the DH to move. The L-shaped 

active site tunnel of the DH FabZ is changed to a Y-form conformation and induces chain-

flipping of the long fatty acid substrate. Additionally, a gatekeeper tyrosine side chain allows 

entrance.[121] This Y-shaped tunnel of FabZ has more steric hindrance compared with the L-

shaped tunnel of FabA, which may be an explanation for the loss of isomerase activity of 

FabZ.[121] The partner FabZ undergoes similar conformational changes but here, the β-layer is 

moved in a seesaw-like manner in the opposite direction (Figure 20, compare ii and v). At the 

same time, a specific loop is extruded at the ACP-binding interface of helix II and prevents the 

binding of a second ACP. This hindrance-process is further supported by the rotation of the 

tyrosine gatekeeper, which additionally ensures a more closed conformation.[121]  

 

 

Figure 20. Chain-flipping mechanism during ACP:DH interaction. I association of the ACP through 
recognition helix II leads to structural changes within the DH ii. The tyrosine gatekeeper moves to allow 
chain-flipping and dehydration reaction (The active site-diade is not displayed). At the same time, the β-
layer of the opposite DH moves and extrudes a specific loop that prevents the binding of a second ACP. 
iii dissociation of the ACP to allow association of a new ACP at the opposite DH.  iv-vi repetition of 
steps i-iii. The figure was modified according to [121]. 



The Logic of the PKS and FAS Thiotemplate Reactions  
 

30 
 

Different from FabZ, an ACP cross-linked FabA-homodimer binds two ACPs, one at each 

active site to result in a heterotetrameric complex.[122] Interestingly, the positions of the ACP 

vary and are supposed to represent different reaction states, which might be artificially trapped 

by the cross-linkers.[65] It is likely that due to the overall structural similarity of FabA and FabZ, 

both DHs undergo a conserved reaction mechanism.[121] Two phenylalanine gating residues at 

the entrance of the active site are further supposed to mediate substrate specificity.[122]  

 

Within the last five years these structural insights of FAS II systems during protein-protein 

interaction were revealed, ten years after the discovery of the actKS:CLF.[61] Due to the 

immense progress in structural biology, it is only a matter of time to get access to further 

complexes, being part of the postulated multienzyme complex of type II systems.  
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6.4 PKS II Systems – Rare in Gram-Negative Bacteria 

As already introduced (6.2.1.2), type II PKS systems are almost exclusively found in Gram-

positive actinomycetes[23] and until today only five examples have been described from Gram-

negative bacteria, while three of them are part of this work.  

The first example was reported from the myxobacterium Stigmatella aurantiaca producing the 

aromatic aurachins, with anthranilate as a non-acetate starter unit (priming mechanism, see 

6.2.3) and an unusual farnesyl-group, attached by the activity of a prenyltransferase (Figure 

11).[123,124] Only recently, the aromatic pyxidicyclines are described as another example from 

myxobacteria and revealed a nitrogen-containing quinone-like four ring structure.[125] 

 

The remaining three PKS II systems are derived from the soil-living entomopathogenic 

γ-proteobacteria Photorhabdus and Xenorhabdus that live in mutualistic symbiosis with 

Heterorhabditis and Steinernema nematodes, respectively.[126–129] The PKS II-derived 

compounds are produced strain-specific: Exclusively found in Photorhabdus are 

anthraquinones (AQ) and isopropylstilbenes (IPS), while almost every Xenorhabdus strain 

harbors an aryl polyene (APE) BGC, mentioned that APE BGCs are widespread around Gram-

negative bacteria (see 6.4.3). In the following, the state of the art of the underlying biosynthetic 

mechanisms is described. The systems are introduced in the order from typical PKS II systems 

(AQ) to more untypical ones (IPS, APE).  

6.4.1 Anthraquinone (AQ) Biosynthesis  

Photorhabdus strains possess a characteristic orange-to-reddish pigmentation upon their 

exponential growth phase. This pigmentation is caused by the production of different 

anthraquinone (AQ) molecules. In 2007 Brachmann et al.[130] revealed the corresponding gene 

cluster and presented at this timepoint, besides the aurachins,[123,124] only the second example 

for a PKS II-derived product from a Gram-negative bacterium. Besides the minimal PKS, the 

gene cluster encodes for a CoA-ligase, a KR, an ARO, a CYC, a hydrolase and an Sfp-type 

PPTase (Figure 21). Isotope labeled acetate feeding experiments revealed the incorporation 

of seven acetate derived malonate units.[130] Homologous gene disruption of the cyclase AntH 

further leads to the detection of the shunt products mutactin and dehydromutactin. These shunt 

products result typically by the production of the minimal PKS plus KR (compare actinorhodin 

biosynthesis, Figure 6) from an octaketide scaffold. This indicates a biosynthesis which 

resembles the PKS II-derived actinorhodin. This result was in contradiction to the formation of 

the main product, AQ-256, that was thought to originate from a heptaketide, as it was 

supported by the acetate-feeding experiments. A possible shortening mechanism from an 

octaketide to a heptaketide was postulated through the action of the hydrolase AntI but 

remained obscure at this point. Since the detected AQ-products are primed with acetate, the 
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function for the CoA-ligase remained elusive, too. In addition to AQ-256, three post-assembly 

line methylated anthraquinone derivatives were detected. The following studies revealed five 

methyltransferases being involved in methylation, as well as the transcription activator AntJ, 

involved in AQ-regulation. A topic that is well presented in the PhD thesis of Antje Heinrich.[131] 

Taken together, the biosynthesis of AQs was postulated, based on the biosynthesis of 

actinorhodin (Figure 21).  

 

Figure 21. AQ biosynthesis. AQ BGC from P. laumondii with antA-I (plu4195-4186) (a). Proposed AQ 
biosynthesis (b). For more details, see main text.  
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6.4.2 Isopropylstilbene (IPS) Biosynthesis  

Typically, stilbenes are produced by plant stilbene synthases (STS) corresponding to a type III 

PKS system.[67,68] Yet, the only non-plant-derived stilbene product is isopropylstilbene (IPS) 

and some derivatives thereof, produced by Photorhabdus strains.[132–134] As IPS is found in all 

Photorhabdus strains so far, it can be regarded as a strain-specific biomarker.[128] 

Photorhabdus lives in mutualistic symbiosis with Heterorhabditis nematodes, acting together 

as an insect pathogen.[126,127] Due to its antimicrobial activity, it was suggested that IPS is 

involved in protecting the insect cadaver against food competitors, such as other bacteria.[132] 

Furthermore, IPS is essential for nematode development, inhibits protozoa and even the 

mammalian soluble epoxide hydrolase, which is involved in the arachidonic acid cascade and 

consequently, in several inflammatory processes.[132] Since IPS selectively modulates the 

cytokine cascade, when applied as a topical cream, it is currently developed as treatment 

against psoriasis under the name tapinarof[135] or benvitimod.[136] 

 

Interestingly, the representative synthase from P. laumondii uses a non-plant-like mechanism 

to produce IPS (Figure 22), which relies on the condensation of two intermediates instead of 

elongating one cinnamoyl moiety as it is known from plants (compare Figure 7). This unusual 

mechanism allows the generation of the characteristic iso-branch. The corresponding genes 

are not located within one BGC but distributed within the genome (stlA and stlB, stlCDE and 

bkdABC) (Figure 22).  

IPS biosynthesis starts with the generation of cinnamic acid from phenylalanine by a 

phenylalanine ammonium lyase (PAL, StlA). StlB is proposed to act as a CoA-ligase, activating 

cinnamic acid to cinnamoyl-CoA. It is further suggested that the acyl moiety of activated 

cinnamoyl-CoA is further loaded to an ACP, elongated, reduced and dehydrated to 5-phenyl-

2,4-pentadienoyl-ACP, which serves as a Michael acceptor for further reactions. Although 

there is no proof yet, cinnamoyl-ACP extension might involve enzymes from the fatty acid 

biosynthesis. The Michael acceptor (5-phenyl-2,4-pentadienoyl-ACP) is required for the 

downstream reaction with the β-ketoacyl isovalerate moiety, derived from the BKD complex. 

Thus, cyclization (StlD) of both precursor molecules and followed aromatization (StlC) finally 

leads to IPS, with the characteristic iso-branched side chain (Figure 22). 
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Figure 22. IPS biosynthesis. Distributed IPS-genes involved in biosynthesis from P. laumondii. bkdABC, 
BKD complex (plu1883-1885); stlB, CoA-ligase (plu2134); stlCDE, ARO-KS/CYC-ACP (plu2163-65); 
stlA, phenylalanine ammonia lyase (plu2234), epoxidase (plu2236) (a). Proposed IPS biosynthesis (b). 
For more details regarding the reaction mechanisms, see main text.  

An X-ray protein crystal structure of the key cyclization enzyme StlD and in vitro analysis of 

the cyclization and aromatization (StlC) reactions, resulted in interesting molecular insights in 

the biochemistry of the unusual reaction mechanisms, used by the bacterial IPS synthase.[137]  

Although StlD adopts the classic homodimeric thiolase-like fold, which is well-known for KS, 

the crystal structure revealed two acyl-binding pockets. In-between those two binding pockets, 

an elongation/cyclization cavity is located. Additionally, StlD has a large hidden hydrophobic 

pocket that is thought to accommodate longer acyl chain substrates. Furthermore, compared 

to other elongating KS, subtle changes around the catalytic triad allow for more open space 

around the reactive Cys126. Furthermore, the intramolecular Michael addition of the two 

substrates (5-phenyl-2,4-pentadienoyl- and isovaleryl-β-ketoacyl moiety), yields in a carboxy-

cyclohexanedione product that is used by StlC to generate the aromatic stilbene. Hereby, the 

carboxylic acid moiety of the ring is essential for StlC recognition.[137] 
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6.4.3 Aryl polyene (APE) Biosynthesis  

APE compounds became of broad interest by the work of Cimermancic et al.[138] Here, in an 

extensive bioinformatic analysis, the APE BGC was shown as one of the most widespread 

gene clusters among Gram-negative proteobacteria. Two APE products from Vibrio fischeri 

(V. fischeri) and Escherichia coli (E. coli) CFT073, respectively, were isolated and structurally 

confirmed (Figure 23). Intriguingly, those APE compounds were set in context with the well-

known pigments xanthomonadin[139,140] and flexirubin.[141,142]  

Both compounds were initially thought to be strain-specific. Only with the help of the global 

alignment, the assignment as APE compound was possible.[138] Thus, by analyzing over 1000 

BGCs, the authors sub-grouped the APE BGC further into three subfamilies: APE subfamily 1 

with the BGC producing the APEEc, APE subfamily 2 with the BGC producing the APEVf and 

APE subfamily 3 with the BGCs producing xanthomonadin or flexirubin compounds (Figure 

23). Due to the genetic differences within APE subfamily 3, this group is further divided into 

the BGCs producing xanthomonadin-like and the BGCs producing flexirubin-like compounds. 

Apart from flexirubin, the described APE compounds are presented as APE alkyl ester. 

Flexirubins are instead esterified to a dialkylresorcinol (DAR) moiety (see Figure 23, 

arcuflavin). The genes, responsible for the production of the DAR moiety are not found within 

the APE BGCs (Figure 23) and did not account for the classification. 
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Figure 23. Different types of APE BGC representatives from subtype 1,2 and 3 with their corresponding 
APE compounds (a) and APE BGC found in X. doucetiae (b).  

The characteristic feature of APE compounds is the aryl head group that is connected to a 

polyene core and leads to a bright yellow-to-orange coloration. Consequently, APE 

compounds are structurally related to carotenoids, which are, in contrast, synthesized by the 
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isoprenoid-pathway.[143] It was shown that APE compounds possess similar antioxidative 

abilities, [144] they are supposed to be located in the cell membrane, responsible to protect the 

organism from environmental stress, i.e. reactive oxygen species.[145]  

 

Typically, polyene compounds arise from (iterative) type I PKS, such as described for the 

polyene core structure in enediyne biosynthesis or for the biosynthesis of the polyene 

macrolactones amphotericin B or nystatin, produced by Streptomyces strains.[146,147] It is 

therefore quite surprising that the discovered APE compounds are produced from 

monofunctional enzymes. The APE BGC contains genes, which can be involved in the starter 

unit selection, e.g. the CoA-ligases and ammonium lyases. Additionally, genes proposed to be 

involved in the fatty acid-like elongation mechanisms are found, namely, genes encoding for 

KS, KR and DH. According to the gene arrangement, there exists no classical ‘minimal PKS’ 

in one operon. However, genes encoding for an ACP, a KS and a C-terminally truncated 

version of a CLF can be identified as part of the BGC. The role and the effect of gene 

duplications of the key enzymes (ACP, KS, DH) is not known. Genetically, this PKS II system 

thus encompasses components shared from both, PKS II and FAS II systems (compare 6.2) 

and due to the more linear structure of APEs it is postulated that the polyene compound is 

synthesized in a fatty acid-like elongation mechanism.[139,148] 

 

Additional genes in the APE BGCs indicate that APE molecules might be transferred to a 

glycerol to result in a lipid-like structure. These genes, encoding for acyltransferases and a 

membrane transporter (Figure 23), are conserved among the APE subtypes. In 

entomopathogenic bacteria from Xenorhabdus, the APE BGC from subfamily 1 is widespread 

(Figure 23b).  



The Logic of the PKS and FAS Thiotemplate Reactions  
 

38 
 

6.5 Aim of this Thesis 

This thesis is focusing on three PKS II systems found in the Gram-negative bacteria 

Xenorhabdus and Photorhabdus. Here, predominantly, the underexplored class of APE 

compounds were of special interest. Preliminary in vitro-results showed the first evidence of a 

fatty acid-like elongation mechanism by analyzing the chain-initiation reaction of an APE 

subfamily 3 system from Azoarcus sp. BH72, producing the pigment arcuflavin.[148,149] 

However, further in vitro-investigations were needed to fully reconstitute the biosynthesis of 

these special molecules. Thus, within this thesis, the subfamily 1 APE-PKS II system from 

Xenorhabdus doucetiae DSM 17909T (X. doucetiae) should be investigated. In vitro-studies 

with all enzymes proposed to be involved in APE biosynthesis are planned in order to reveal 

the mechanisms for the initiation and termination reactions and the role of gene duplications, 

encoding for the key proteins ACP, KS and DH.  

At the same time in vivo-studies aim to further investigate the APE compound produced by 

X. doucetiae. The gene cluster is silent under laboratory conditions, but its activation is 

attended to be obtained by an inducible promotor-exchange system.[150] Further homologous 

expression of the APE BGC is ought to study the function of the ‘lipid-genes’ with the help of 

targeted deletion studies. Hereby, MS-based analysis and purification are thought to provide 

solid structure evidence of the APE compounds.  

The IPS biosynthesis was already well-studied in the past by the Bode group[132,151] as well as 

by the Abe group.[152] The bode group revealed the genes distributed within the genome of 

Photorhabdus laumondii TT01 (P. laumondii or TT01), responsible for precursor generation, 

ring formation and aromatization of this special, two-branched biosynthesis. Furthermore, the 

cyclization mechanism of the non-canonical KAS III-type KS/CYC, which is based on a Michael 

addition of two precursor molecules, was discovered. The Abe group supported this knowledge 

with the X-ray structure of the KS/CYC StlD and biochemical studies with StlD and the ARO 

StlC, giving rise to the molecular details of the cyclization reaction (compare Figure 22) 

However, the generation of the cinnamoyl-precursor, used as a Michael acceptor for the 

cyclization reaction remained elusive. There is not only a lack of a missing AT, which is 

proposed to load the cinnamoyl moiety to the ACP but also for the enzymes that generate the 

cinnamoyl-Michael acceptor. These reactions might be complemented by FAS II enzymes, as 

it was supposed for the PKS II derived frenolicin or R1228 [23,46] (see Figure 11). Thus, our 

investigations should not only deal with the starter unit selection but also with a possible cross-

talk of specialized and primary metabolism using the purified enzymes.  
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The PKS II system in Photorhabdus producing AQs is the best-studied system according to 

preliminary results. While several investigations of Brachmann et al. discovered the BGC and 

the overall product spectrum of the main AQ-256 and its methylated derivatives, unpublished 

data of Quiquin Zhou engaged biochemical in vitro analysis paired with in vivo heterologous 

expression of the ant-genes antA-I.[153] This leads to the identification of several more shunt 

products, supporting the hypothesis that the AQ-scaffold is derived by an octaketide which 

gets shortened to a heptaketide by the hydrolase AntI resulting in AQ-256. AntI was further 

investigated through X-ray analyses conducted by our cooperation partner from the Groll 

group. This reveals molecular insights in a polyketide shortening mechanism performed by the 

hydrolase AntI. Knowing these mechanistic insights, we were further interested in finding 

substrates for AntI-inhibition.  

Biochemical analysis of Quiquin Zhou with the minimal PKS revealed the exclusive activation 

of the AQ-ACP by the PPTase AntB. The PPTase was insoluble alone but gets stabilized by 

the probably inactive CoA-ligase working as a chaperone. Again, X-ray data of the Groll group 

supported the biochemical analysis and furthermore enlightened the minimal PKS caught in 

addition, compromising ACP:KS:CLF and ACP:MCAT complexes. The work within this thesis 

is planned to confirm a polyketide, which was bound to the KS:CLF complex after heterologous 

production. Furthermore, point mutations of received mutants should confirm possible protein-

protein interaction sites of the structurally solved minimal PKS. Additionally, guided by the 

protein crystal structure of the ACP:MCAT-complex, a possible induced-fit-theory should be 

investigated biochemically to confirm a monodirectional transfer reaction by the MCAT.[154]  
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8 Additional Results: Tracing the Full-length APE 

In the publication ‘An Uncommon Type II PKS Catalyzes Biosynthesis of Aryl Polyene 

Pigments’ (7.1) the structural core of APE compounds produced from X. doucetiae (APEXd) 

was obtained by hydrolysis and after isolation of the main compound, the structure was 

elucidated by NMR (see Figure 24).  

This hydrolysis procedure includes a mild transesterification after cell pellet extraction, as 

described by Cimermancic et al. for the isolation of APE compounds.[138] The authors used this 

extraction method for further purification and structure elucidation of APEs from E. coli CFT073 

(APEEc) and from Vibrio fischeri (APEVf), which were classified respectively as members from 

APE 1 and APE 2 subfamily according to their BGC structure (compare Figure 23). 

 

Figure 24. Generation of APEXd-methyl ester. General extraction procedure from the cell pellet followed 
by transesterification reaction (a). Characteristic absorbance spectrum of APEXd-methyl esters with a 
maximum at 420 nm (left). Structure of main APEXd-methyl ester isolated from X. doucetiae (right) (7.1) 
(b). 

The authors further made some suggestions about the lipid behavior of APE molecules by 

comparing them to xanthomonadins, which were most likely found in the bacterial membrane. 

Xanthomonadins are a well-studied products from the APE subfamily 3.[145] However, APE 

compounds were described as small molecules. According to some ‘lipid-genes’ within the 

APE BGC, such as genes encoding for a membrane transporter, (acyl)transferases and 

several genes encoding hypothetical proteins (compare turquois genes in Figure 25)) and the 

results from our biochemical studies (see 7.1), allowed us to speculate that the APE moiety 

might be further processed to result in a lipid-like structure. Thus, this chapter deals with 

investigations all around the presence of an APE-lipid structure in X. doucetiae.  
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8.1 Switching On the APE-Production in X. doucetiae 

Markerless promotor exchange in front of apeB induces the silent APE BGC in a secondary 

metabolite deficient hfq-background.[155] Hfq is an RNA-chaperon and causes the absence of 

secondary metabolite production upon deletion.[156] A yellow-pigmented phenotype results 

from an induced ape-promotor exchange mutant strain in a Δhfq-background (APE-producer) 

(Figure 25). 

 

Figure 25. Non-induced vs. induced ape-promotor exchange mutant strain. Promotor exchange (PBAD-
promotor system) in front of apeB in X. doucetiaeΔDCΔhfq resulted in the ‘APE-producer’. Gene 
functions are assigned according to blastp and biochemical studies from 7.1. Based on this, we 
postulated ‘lipid-genes’ involved in post-processing of the APE-core to a lipid-like structure (see table, 
highlighted in turquoise) (a). Induction of the APE-producer with 0.2% arabinose results in yellow 
pigmentation, observable on LB-agar plates if compared with the non-induced mutant (b). 
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8.2 Identification of Unusual Conjugated-FAs 

Adapting the cell pellet extraction and transesterification procedure of Cimermancic et al., 

some unknown hydrophobic compounds with specific absorbance in the lower absorbance 

range (> 400 nm) appeared during HPLC-analysis of the esterified APEXd compounds (further 

APEXd-methyl ester). Separation of the APEXd-methyl ester and those hydrophobic compounds 

was achieved using C3 reversed-phase chromatography (see Figure 26). Due to the absence 

of the hydrophobic compounds in the non-induced APE-producer strain, it was proposed that 

they might be (part of) a possible structural element of the postulated APE-lipid.  

 

Figure 26. APE vs. hydrophobic compounds. Esterification of the APE-producer extract resulted in the 
detection of APEXd-methyl ester (UVmax 420 nm) and revealed unknown hydrophobic compounds with a 
specific absorbance in the Vis-range. Shown is the survey-view in the range 190-600 nm.  

The masses of the hydrophobic compounds are distributed around m/z 400 and the detection 

was achieved in positive ionization mode. Because the corresponding MS1 and MS2-spectra 

of the hydrophobic compounds gave no hint in any database, the main compound with an 

m/z of 399 was purified. The purification-strategy included the cell pellet extraction followed by 

a transesterification.[138] The resulting crude extract was subjected to Sephadex LH-20 size 

exclusion and several rounds of reversed-phase chromatography.  

The fractionating during size exclusion chromatography resulted in an initial separation of the 

different APEXd-methyl esters vs. hydrophobic compounds via HPLC-MS analysis (Figure 27). 

During size exclusion, the hydrophobic compounds are eluting first, followed by the 

APEXd methyl esters, indicating that the hydrophobic molecules share a higher molecular 

weight than APEXd methyl esters, which is already represented by the major APEXd 

methyl ester with a mass of m/z 337 and the main hydrophobic compound with a mass of 

m/z 399.  
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Figure 27. HPLC-UV/MS-analysis of esterified APE-producer extract derived from size exclusion 
chromatography. Depicted are samples from sephadex fractions F6, F12, F18, F24, F32, F77, F84, F95, 
F103, F108, F115 (a). Assigned APEXd-methyl ester with different chain-length (polyene core, EN) and 
methylations (Met), corresponding network-analysis, see Figure S1 (b). Shown is the survey-view with 
190-600 nm. 

By performing MS-based network analysis with the obtained HPLC-MS data, the APEXd-methyl 

esters and the hydrophobic compounds were grouped according to their specific MS2-spectra 

(see Figure S1).   

Like that, the classification of APEXd-methyl esters from the publication in 7.1 was 

complemented with the obtained data (see Figure S1 and Table S1). Interestingly, not only 

para-substituted hydroxy-APEs were assigned but also aminated-APEXd-methyl ester (Figure 

27b). Both precursors, p-hydroxybenzoic acid (HBA) and p-aminobenzoic acid, can be 

obtained from the shikimate pathway.[47] A complete assignment of the APEXd-methyl esters 

was not possible but the mass shifts of ±14 Da presented in the network analysis indicate 

differences in the methylation of the phenyl ring of the APE-methyl ester, a ±26 Da indicates a 

loss or gain of a CH=CH-group in the polyene core and a ±28 Da shift indicates a loss or gain 

of a CH2-CH2-group in a fully saturated alkyl chain (compare Figure S1). This is also true for 

the unknown hydrophobic compounds. According to the generated data, it was demonstrated 

again that APEXd-methyl esters with seven double bonds are the maximum length being 

synthesized from the APE-PKS II machinery, as it was already shown in section 7.1. A 

molecule, always being co-extracted, was Coenzyme Q8 (727 [M+H]+, see Figure 27a), which 

was assigned using METLIN online database[157,158] according to its specific MS2. 

Sephadex fractions containing the hydrophobic compounds were further separated by three 

reversed-phase chromatographic separations resulting in pure compound ‘399’, which was 

further structure elucidated using NMR-techniques (Figure 28 and Figure S2-6 and Table S2). 



Additional Results: Tracing the Full-length APE  
 

52 
 

 

Figure 28. Characteristics of compound 399. Compound 399 was structure elucidated through NMR. 
The compound with a sum formula of C27H44O3 shows a specific absorbance spectrum with maxima in 
(285 nm,) 305 nm, 315 nm, 330 nm and 345 nm. If the compound gets excited with 337 nm, it shows a 
natural green-to-blue fluorescence (a). MS1-analysis of isolated compound ‘399’ resulted in a several 
adducts: 399 [M-H2O+H]+, 439.217 [M+Na]+, 455.291 [M+K]+, 855.643 [2M+Na]+, 871.620 [2M+K]+.     

The purified compound 399 gives rise to a molecular formula of C27H44O3 with a mass of 

417 [M+H]+ and represents a fatty acid (FA) with an unusual C10-C11 cis-double bond in a large 

conjugated system (further conjugated-FA, see Figure 28a). The cis- was hereby confirmed 

by the coupling constants of H-11/H-12 (Table S2). The difference of 18 Da from 417 [M+H]+ 

to the detected 399 [M+H]+ is attributed to a loss of water. 417 [M+H]+ was not detectable 

during MS-analysis, but instead the sodium- and potassium-adduct with a mass of 439 [M+Na]+ 

and 455 [M+K]+ were detected, respectively. A strong signal was observed for the 

corresponding [2M]+-ion of the sodium adduct with a mass of 855.643 [2M+Na]+ and lower 

signals for the potassium adduct 881.659 [2M+Ka]+ (Figure 28b). Due to the conjugated 

system, the FA shows a green-to-blue fluorescence.  
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8.3 Identification of APE-Lipids 

A possible linkage of both, the APEXd-methyl ester and the conjugated-FA resulting in an APE-

lipid molecule was further investigated by measuring the molecules without performing the 

transesterification. Due to the yellow-orange pigmentation of the APEXd moiety, it was easy to 

track the presence of the whole APE-lipid molecule. Unfortunately, the APE-lipid got stuck at 

the reversed-phase column using C18 and C3 material. The use of a solvent system typically 

used for phospholipids in combination with a C3-column resulted in the elution and separation 

of the postulated APE-lipids. A comparison of APEXd-methyl ester versus APE-lipids is 

represented in Figure 29. 

 

Figure 29. Separation of APE-lipid compounds. Comparison of HPLC-UV/MS data of generated APEXd- 
methyl ester and APE-lipids from the X. doucetiae APE-producer (survey view). 

Indeed, the HPLC-UV-MS analysis supported the assumption of a probable linkage of the 

APEXd- and conjugated-FA moiety to result in an APE-lipid; characteristic UV- signals for the 

APEXd- and conjugated-FA moieties were detected at the same retention time, indicating that 

the corresponding molecules are connected to each other (Figure 29). Unfortunately, no new 

masses showed up during HPLC-MS analysis of the induced promotor exchange mutant in 

comparison with the non-induced control. Several attempts to purify one of the APE-lipids failed 

due to the high amount of impurities of phosphatidylethanolamines and probable other lipids 

(Figure S7) and only low amounts of the target compounds. The use of a combination of 

additives (formic acid and ammonium formate) [159] and changes in the ionization mode (see 

8.4.1.2) enlightens for the first time a major mass of m/z 1285, which was not present in the 

uninduced sample.  

 

Simple in silico-addition of the masses from the APE plus the conjugated-FA part does not 

reach an overall mass of 1285 Da. Thus, it was suggested that an unknown structural element 

is additionally involved in the formation of an APE-lipid. The absence of an additional UV signal 

of the APE-lipids (Figure 29) indicates that this unknown moiety is most likely UV-inactive. 
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Further deletion studies of the X. doucetiae APE-producer with targeted deletions in apeB-R 

were supposed to accumulate intermediates and provide information about the biosynthetic 

order of the APE-lipids. In Table 1 the results of the deletion studies regarding the two known 

building blocks, including the APE and conjugated-FA moieties are summarized (HPLC-UV 

spectra, see Figure 30). 

Table 1. Summarized HPLC-MS/UV analysis of APE-producer mutants subjected to transesterification. 
Protein functions are assigned according to blastp. Signals corresponding to the APEXd-methyl ester are 
depicted as ‘signal 420 nm’; signals corresponding to the conjugated-FA methyl ester are depicted as 
‘signal 305-315-330 nm’. For the corresponding survey-view of respective APE-producer mutants, see 
Figure 30. 

mutant 
Δ 

Function 
signal 
420 nm 

signal 
305-315-330 nm 

apeB MT   +*   +* 

apeC CLF - + 

apeD 1-acyl-sn-glycerol-3-phosphate AT - - 

apeE ACP -   +* 

apeF ACP - - 

apeG membrane protein -   +* 

apeH AasS - - 

apeI DH - - 

apeJ glycosyltransferase - + 

apeK TE -  +* 

apeL LolA-like   +** + 

apeM membrane protein   +** + 

apeN unknown - - 

apeO KS - - 

apeP DH - - 

apeQ KR - - 

apeR KS - - 

*less derivatives are produced **other APEXd-methyl ester derivatives are produced 

The deletion of genes, which were already tested to be involved in the biosynthesis of the APE 

moiety (in 7.1) apeE, apeF, apeH, apeI, apeO, apeP, apeQ and apeR, resulted in the 

phenotypic loss of pigmentation, which is caused by the APE moiety and the absence of the 

m/z 1285 in MS1 (Figure 31 and Figure 30)  
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Additionally, the deletion of apeD, apeG and apeN, encoding for a glycerol-3-phosphate AT, a 

membrane protein and a protein of unknown function, resulted in a phenotypic loss of 

pigmentation, too. The deletion of the MT encoding gene apeB, postulated to be responsible 

for the methylation of the aryl moiety in the APE-molecule, resulted in the production of less 

APE-lipid derivatives and a slightly pigmented phenotype, with the exclusive production of 

unmethylated APE-lipid, resulting in a mass of m/z 1256 (Figure 31). By analyzing the APEXd-

methyl esters of the induced APE-producer over time, it was concluded that methylation does 

not occur post-PKS biosynthesis, as the non-methylated product was absent in early cultivation 

states (Figure S8).  

 

Interestingly, some mutants with an observed non-pigmented phenotype showed obviously an 

UV-loss of the APE moieties but the presence of the signals of the conjugated-FA moieties. 

Noteworthy, this phenomenon was not observed vice versa. Due to a stronger interaction of 

the accumulated intermediates with the reversed phase material, compared to the conjugated-

FA methyl esters, we suggested that these compounds represent intermediates, which indeed 

harbor the conjugated-FA but are further linked to a most probably UV-Vis-inactive, unknown 

molecule. Mutants, in which this intermediate with the Vis-profile of the conjugated-FA 

appeared are deletions in apeC, apeE, apeJ and apeK and apeG, encoding for a CLF, an ACP 

a glycosyltransferase, a 4-HBA-TE and a membrane protein, respectively. In comparison to 

the apeE-, apeK and apeG-deletions, the production of the conjugated-FA plus the unknown 

part (further conjugated-FA+x) is increased in the apeJ- and apeC-deletions (Figure 30).  
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Figure 30. HPLC-UV/MS analysis of APE-producer mutants showing deletions of apeB-G genes. 
Shown in survey-view are the APE-lipids (right) and the corresponding APEXd-methyl ester after 
hydrolysis (left). 
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Figure 30 ff. HPLC-UV/MS analysis of APE-producer mutants showing deletions of apeB, apeH-M 
genes. Shown in survey-view are the APE-lipids (right) and the corresponding APEXd-methyl ester after 
hydrolysis (left). 
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Figure 30 ff. HPLC-UV/MS analysis of APE-producer mutants showing deletions of apeB, apeN-R 
genes. Shown in survey-view are the APE-lipids (right) and the corresponding APEXd-methyl ester after 
hydrolysis (left). 

During comparison of the APE-lipid extracts with their corresponding APEXd-methyl ester, it 

was possible to assign the differences in the APE-profile of the mutants of ΔapeL and ΔapeM. 

No significant difference in the distribution of the conjugated-FAs was detected, but variations 

in the APE moiety were noticed (see Figure 30). The deletion of apeM leads to an overall 

increase of the 6xEN-2xMet-APEXd methyl ester, while the deletion of apeL rather produced 

the 6xEN-1xMet-APEXd methyl ester (compare Figure 27b).  
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Figure 31. Detection of APE-lipids in the APE-producer mutants ΔapeA-R. MS1 analysis of APE-
producer mutants (right) with the corresponding phenotype on LB agar plates (left). Signals 
corresponding to molecules, probably harboring the APEXd moieties, are highlighted in yellow (6xEN 
2xMet, 6xEN 1xMet, 6xEN 0xMet), while highlighted in grey are unknown signals, only arising in the 
yellow-pigmented phenotypes. A further unknown signal, present in the apeD-mutant extract, is marked 
with an asterisk. For comparison of the corresponding APEXd- and conjugated-FA methyl esters of the 
APE-producer mutants, see also Table 1 and the respective survey-view data in Figure 30. 
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Curiously, the yellow-pigmented APE-lipids do not show any fluorescence. In contrast, during 

thin-layer chromatography, a quenching effect from the reported fluorescence of the 

conjugated-FA moiety was observed (Figure 32a). This quenching ability was further 

demonstrated with an extract of the APE-producer, compared to an extract of the APE-

producerΔapeJ-mutant, with the latter one producing the conjugated-FA+X-molecule 

(Figure 32).  

 

 

Figure 32. Quenching effect of APE-lipids. The extract of the APE-producerΔapeJ shows fluorescence 
activity due to the accumulation of conjugated-FA. During TLC analysis of the extract from the APE-
mutant (APE-producer) compared to the extract from the APE-mutant with a deletion of apeJ, a 
quenching effect of this fluorescence was detectable under excitation of 337 nm (a). The quenching 
effect, probably caused by APE-lipids, was further measurable with titrating minor amounts of extract 
from the APE-producer extract to extract from the APE-producerΔapeJ (b). 

Titration of the extract from the APE-producer in different ratios to the extract of the ΔapeJ-

mutant indeed resulted in a quenching effect of the fluorescence of the apeJ-mutant extract 

(Figure 32b).   
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Unfortunately, no mass of the conjugated-FA+x-compound was detectable. Due to low 

amounts of this intermediate, a cell pellet of a 40 L fermentation of the apeJ-mutant was used 

for further isolation attempts. An enrichment of the conjugated-FA+x-compound was achieved 

using the combination of size exclusion and normal phase chromatography and resulted in the 

detection of a conjugated-FA+x-compound with a mass of m/z 886. Further purification 

attempts with reversed-phase failed, as the fluorophoric compound degraded during the 

purification process, resulting in the loss of fluorescence, and furthermore, due to remaining 

lipid impurities, in untraceable compound pieces. 

Nevertheless, the MS2-spectrum of the APE-lipid (m/z 1285) can be compared with the MS-

spectra of the different structural elements of the main APEXd-methyl ester (m/z 377), the 

conjugated-FA-methyl ester (m/z 399) and the conjugated-FA+x-compound (m/z 886) 

(Figure 33 and Figure 34).    

Besides the characteristic MS2-signals for the APE moiety and the conjugated-FA during MS2-

analysis of m/z 1285 (Figure 33, APE-signals, yellow; conjugated-FA signals, turquoise), 

signals corresponding to a glucosamine (GlcNAc) sugar moiety, detectable as 

monosaccharide[160] were assigned (Figure 34, green), representing one of the UV inactive 

moieties of the APE-lipid. Additionally, a neutral loss of 142.019 Da, corresponding to a 

phosphoethanolamine, was detected (Figure 34). 

 

Figure 33. MS2 data structural elements: purified APEXd-methyl ester (337.179 [M+H]+) and conjugated-
FA (399.325 [M+H]+) in comparison to the APE-lipid with an m/z of 1284.744 and partially purified 
conjugated-FA+x with an m/z of 866.606 (see Figure 34).  
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The HR-data of the assigned signals from Figure 33 and Figure 34, corresponding to the 

different structural elements, are further summarized in Table 2.  

Table 2. MS2-signals of structural elements of APE-lipids, corresponding spectra, see Figure 33 and 34. 
structural element sum formula [M]+ theoretical mass [m/z] detected mass [m/z] Δppm 

APE-lipid 

sugar (GlcN) 

C6H8NO2 126.0550 126.0548 1 
C8H10NO3 168.0655 168.0659 2 
C8H12NO4 186.0761 186.0745 8 
C8H14NO5 204.0880 204.0866 7 

APE 
C9H11O 135.0804 135.0808 3 

C21H21O2 305.1536 305.1535 0 
conjugated-FA moiety C26H39O 367.2995 367.2996 0 
APE and sugar moiety C29H34NO7 508.2328 508.2303 0 
Phosphoethanolamine C2H8NO4P* 141.0191 141.0186 4 

conjugated-FA+X 

conjugated-FA 

C6H7 79.0543 79.0532 13 
C8H9 105.0699 105.0704 5 
C9H9 117.0699 117.0705 5 

C11H11 143.0855 143.0858 2 
C11H9O 157.0648 157.0656 6 
C13H13O 185.0961 185.0962 1 
C24H37 325.2890 325.2893 1 

C26H39O 367.2995 367.2992 1 
conjugated-FA 

conjugated-FA 

C6H7 79.0543 79.0555 16 
C8H9 105.0699 105.0699 0 
C9H9 117.0699 117.0701 2 

C11H11 143.0855 143.0857 2 
C11H9O 157.0648 157.1013 1 
C13H13O 185.0961 185.0944 9 
C24H37 325.2890 325.2892 1 

C26H39O 367.2995 367.2997 1 
APEXd-methyl ester 

APE 

C6H7 79.0543 79.0543 5 
C7H7 91.0542 91.0541 1 

C9H11O 135.0804 135.0805 0 
C21H21O2 305.1536 305.1534 1 

*detected as neutral loss 
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8.4 Materials and Methods 

Table 3. Strains used in this study. 
 Strain Genotype Reference 

E. coli ST18-λpir Tpr Smr, recA thi hsdR+ RP4-2-Tc::Mu-
Km::Tn7, λpir phage lysogen, ΔhemA 

[161] 

X. doucetiae DSM 17909T Wild type, ampr DSMZ 

X. doucetiae DSM 17909T∆xrdE DSM 17909T wild type with a deletion in xrdE [162] 

X. doucetiae DSM 17909T∆xrdE_PBADapeA X. doucetiae DSM 17909T∆xrdE with a 
promoter exchange in front of apeA; ampr, 
kanr 

see 7.1 

X. doucetiae DSM 17909T∆xrdE_PBADapeB 

 

X. doucetiae DSM 17909T∆xrdE with a 
promoter exchange in front of apeB; ampr, 
kanr 

see 7.1 

X. doucetiae DSM 17909T∆DC∆hfq X. doucetiae DSM 17909T wild type with a 
deletion in XDD1_RS09835 (decarboxylase) 
and hfq; ampr, 

[162] 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeB 

(APE-producer) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB, ampr, 

see 7.1 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeB 

(APE-producer∆apeB) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeB, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeC 

(APE-producer∆apeC) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeC, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeD 

(APE-producer∆apeD) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeD, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeE 

(APE-producer∆apeE) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeE, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeF 

(APE-producer∆apeF) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeF, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeG 

(APE-producer∆apeG) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeG, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeH 

(APE-producer∆apeH) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeH, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeI 

(APE-producer∆apeI) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeI, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeJ 

(APE-producer∆apeJ) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeJ, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeK 

(APE-producer∆apeK) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeK, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeL 

(APE-producer∆apeL) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeL, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeM 

(APE-producer∆apeM) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeM, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeN 

(APE-producer∆apeN) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeN, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeO 

(APE-producer∆apeO) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeO, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeP 

(APE-producer∆apeP) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeR and with a 
deletion of apeP, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeQ 

(APE-producer∆apeQ) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeQ, ampr 

this work 

X. doucetiae DSM 17909T∆DC∆hfq PBADapeBΔapeR 

(APE-producer∆apeR) 

X. doucetiae DSM 17909T∆DC∆hfq with a 
markerless promoter exchange in front of 
apeB and with a deletion of apeR, ampr 

this work 
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Table 4. Oligonucleotides used for plasmid construction and verification. Overhangs are underlined. 
Plasmid Oligonucleotide 5` to 3` Template 

pEB17_ΔapeB 

GG143 
ATATGTGATGGGTTAAAAAGGATCGATCCTTAATCG
CCACTTGAATCCTC 

X. doucetiae 
DSM 17909T 

  

GG144 
CCAATGTCAATTTCATGAAATACCGTTCGATATCCA
TATATCCGATAGGTAGCATATAG 

GG145 
CTATATGCTACCTATCGGATATATGGATATCGAACG
GTATTTCATGAAATTGAC 

GG146 
CAATTTGTGGAATTCCCGGGAGAGCTCGGTCATGA
GCAGACGCCAG 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeC 

GG241 
ATATGTGATGGGTTAAAAAGGATCGATCCTGGATTT
CACTCAAGACGTTTG 

X. doucetiae 
DSM 17909T 

GG242 
GTAATATTGGCTGAAATCCTTTTCATCATCGAAATA
CCGTTCGTTACTGCTTC 

GG243 
CTGCAAGAAGCAGTAACGAACGGTATTTCGATGAT
GAAAAGGATTTCAGC 

GG244 
CAATTTGTGGAATTCCCGGGAGAGCTCCCCGTTTT
CTGTATCAACC 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeD 

GG167 
ATATGTGATGGGTTAAAAAGGATCGATCCTGTTTTT
ACAGCATTGATGATTTTACC 

X. doucetiae 
DSM 17909T 

GG168 
AACTCTTGCATCATCGTATCCGATATCTACTTATCG
GCTCCAATTCCAC 

GG169 
GATCATTGTCAGTGGAATTGGAGCCGATAAGTAGA
TATCGGATACGATGATGCAAGAG 

GG170 
CAATTTGTGGAATTCCCGGGAGAGCTCGATAGTAC
ATAAGAAGTTGATGATTGCG 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeE 

GG147 
ATATGTGATGGGTTAAAAAGGATCGATCCTGTTGCC
ATCTTGCACGTC 

X. doucetiae 
DSM 17909T 

GG148 
CTTTTGTTTTTCCATGATGGCACCTGCTCCATCGTA
TCCGATATCTATTAGTTTG 

GG149 
CCGTCAAACTAATAGATATCGGATACGATGGAGCA
GGTGCCATCATGG 

GG150 
CAATTTGTGGAATTCCCGGGAGAGCTCATCCTTTCA
ATGACAGGTGGC 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeF 

GG151 
ATATGTGATGGGTTAAAAAGGATCGATCCTGATGCA
GAAACTTTGCTCCC 

X. doucetiae 
DSM 17909T 

GG152 
CTGTTTGTTTTGCTGATGGTTTATGGCTGAGATGGC
ACCTGCTCTTATG 

GG153 
CAGAAAGCATAAGAGCAGGTGCCATCTCAGCCATA
AACCATCAGC 

GG154 
CAATTTGTGGAATTCCCGGGAGAGCTCTCTTCCGA
TAGCCATTGG 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeG 

GG187 
ATATGTGATGGGTTAAAAAGGATCGATCCTTAGATA
TCGGATACGATGATGCAAGAG 

X. doucetiae 
DSM 17909T 

GG188 
GATAGCCATTGGGAGATTGATCGTGCTTTTATTAAC
TACCCAAATGTTTGCTGTTTG 

GG189 
CAAAACAAACAGCAAACATTTGGGTAGTTAATAAAA
GCACGATCAATCTCCC 

GG190 
CAATTTGTGGAATTCCCGGGAGAGCTCTGCGGAAA
GTCAAACCATAC 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeH 

GG211 
ATATGTGATGGGTTAAAAAGGATCGATCCTGCAGTA
AAAAATTGCTATGGC 

X. doucetiae 
DSM 17909T 

GG212 
CATGTTGAGCAGGTTGCTCGCGGTGAATTTCAATG
GAAATGAGCAACC 

GG213 
CTATTAATTGGGTTGCTCATTTCCATTGAAATTCACC
GCGAGCAAC 

GG214 
CAATTTGTGGAATTCCCGGGAGAGCTCATATCAAAA
TCCATGCGACG 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 
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ff. Table 4. Oligonucleotides used for plasmid construction and verification. Overhangs are underlined. 

pEB17_ΔapeI 

GG219 
ATATGTGATGGGTTAAAAAGGATCGATCCTTCCTGC
GTGATCAGATCC 

X. doucetiae 
DSM 17909T 

GG220 
CCACGCAGGGCGTCATCGTATTCACGCTAAATAGC
TCCTGTAATGCAGGC 

GG221 
CTCATGGCCTGCATTACAGGAGCTATTTAGCGTGA
ATACGATGACGC 

GG222 
CAATTTGTGGAATTCCCGGGAGAGCTCCTTGCGTT
CTTGAATATCTGAC 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeJ 

GG155 
ATATGTGATGGGTTAAAAAGGATCGATCCTGGCCTT
TGCATTTTGCCTATG 

X. doucetiae 
DSM 17909T 

GG156 
GCAGTAAAACGAGGATCAGTCAGCATTTTTAACTTT
ATCTTTCCTTGGCTGG 

GG157 
CTGCCAGCCAAGGAAAGATAAAGTTAAAAATGCTG
ACTGATCCTCG 

GG158 
CAATTTGTGGAATTCCCGGGAGAGCTCGCATCAAG
GTTAGCCTGACC 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeK 

GG215 
ATATGTGATGGGTTAAAAAGGATCGATCCTGTTGTT
GGCTATTTCTGGG 

X. doucetiae 
DSM 17909T 

GG216 
CAGAAACAGCAGTATCCCGCGCCATTTTTTTTTTTA
TTCCTTATTTGTCCG 

GG217 
CATCTGCCCGGACAAATAAGGAATAAAAAAAAAAAT
GGCGCGGGATAC 

GG218 
CAATTTGTGGAATTCCCGGGAGAGCTCGGACTCAC
CATCCACACCAG 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeL 

GG191 
ATATGTGATGGGTTAAAAAGGATCGATCCTTATTGC
CGGTAACGGATG 

X. doucetiae 
DSM 17909T 

GG192 
CCAGAATCGTGCCAGCAGACGTGGCGGCTTGACC
CCCATGC 

GG193 
GATATTCTGTTTGAACGCATGGGGGTCAAGCCGCC
ACGTCTGCTGGCAC 

GG194 
CAATTTGTGGAATTCCCGGGAGAGCTCAATACTGAT
GGATAGCACACACAGC 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeM 

GG195 
ATATGTGATGGGTTAAAAAGGATCGATCCTCGTGAA
TCCGGCTATGTTTG 

X. doucetiae 
DSM 17909T 

GG196 
CAGGTCAGGGACAGGATGAATAACCGTAGGCTCAG
CGTCTCTGGTG 

GG197 
GACACCAATTAACACCAGAGACGCTGAGCCTACGG
TTATTCATCCTGTCCC 

GG198 
CAATTTGTGGAATTCCCGGGAGAGCTCGCTCCCGA
CCATGACG 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeN 

GG199 
ATATGTGATGGGTTAAAAAGGATCGATCCTACGCA
GAAAAAACGTTGCAAC 

X. doucetiae 
DSM 17909T 

GG200 
CATACCTACGGCAGAAATATAAATCATGTTGATTGC
TTTTTCCTTTTTTGGC 

GG201 
GCCAAAAAAGGAAAAAGCAATCAACATGATTTATAT
TTCTGCCG 

GG202 
CAATTTGTGGAATTCCCGGGAGAGCTCGCAGGTTG
ATATAACCTATCTCTG 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeO 

GG159 
ATATGTGATGGGTTAAAAAGGATCGATCCTGTGGTC
ATAGCCTGAACTTATTTTC 

X. doucetiae 
DSM 17909T 

GG160 
ATAGCGATCCACGGGTAAATAGTCAGGCAGTTTTA
CTCTTCCAAATGCTGAATG 

GG161 
CGCCATTCAGCATTTGGAAGAGTAAAACTGCCTGA
CTATTTACCCGTGG 

GG162 
CAATTTGTGGAATTCCCGGGAGAGCTCTTGGTATG
GATGACACTATCCCAG 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 
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ff. Table 4. Oligonucleotides used for plasmid construction and verification. Overhangs are underlined. 

pEB17_ΔapeP 

GG223 
ATATGTGATGGGTTAAAAAGGATCGATCCTACCAGC
AATCACATGGGTC 

X. doucetiae 
DSM 17909T 

GG224 
GGCACCGGTCACGAGAACTGAACGCATTAAGCCAC
TCCCAATATCAGG 

GG225 
CCAGCCTGATATTGGGAGTGGCTTATGCGTTCAGT
TCTCGTGAC 

GG226 
CAATTTGTGGAATTCCCGGGAGAGCTCCGATAGCC
AATCCTGTCCC 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeQ 

GG227 
ATATGTGATGGGTTAAAAAGGATCGATCCTCCATTG
CAGCGATCAATATG 

X. doucetiae 
DSM 17909T 

GG228 
CCTTTCCTGATGGGATGTCGCATTATGGCTATGCTA
CTCCATCCTGTTTATTTATG 

GG229 
CTCATAAATAAACAGGATGGAGTAGCATAGCCATAA
TGCGACATCCC 

GG230 
CAATTTGTGGAATTCCCGGGAGAGCTCCCGTGGGC
ACTGATGTAAC 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

pEB17_ΔapeR 

GG163 
ATATGTGATGGGTTAAAAAGGATCGATCCTTTTGGC
AGTTTTGAAGGTGAAATC 

X. doucetiae 
DSM 17909T 

GG164 
GCTTTGTCAGCGGTCTTAACGCACTAAAAAGCATCC
CTCCGTTGATTG 

GG165 
GGTCATCTCAATCAACGGAGGGATGCTTTTTAGTG
CGTTAAGACCGCTG 

GG166 
CAATTTGTGGAATTCCCGGGAGAGCTCTAAAAGGG
ATCATCCCCTGAGT 

GG23 GAGCTCTCCCGGGAATTCC 
pEB17 

GG138 AGGATCGATCCTTTTTAACCCATC 

Oligonucleotides used for verification of APE-producer mutants 
Ape-producer 

mutant 
Oligonucleotide 5` to 3` 

ΔapeB 
GG171 CTGCTGGCTAATCAATAAACATCCATGTTAAAGC 
GG172 AAATCAGCAATAAATTAAACCAAATCAGGGAGAGTA 

ΔapeC 
GG245 CATTACTGATCTGCAAGAAGCAGTAACGAACGG 
GG246 GACGGTGTTAGTAATTGAGTAAGCTGGCGATTGAGTTGG 

ΔapeD 
GG183 GAAACAGAACCCAGCCTTCCTCAAAG 
GG184 CCTTTCAATGACAGGTGGCCCATAAC 

ΔapeE 
GG173 CAATCGCCAGCTTACTCAATTACTAACACCG 
GG174 ACTTTACGTGTATAGATAACGCCTTCTGGGGG 

ΔapeF 
GG175 GTCAACACTTCACTTCTGTCGCTACACTGG 
GG176 CTTACCCGCATGTAATGTTGCCAGCAG 

ΔapeG 
GG203 AGCCATAAACCATCAGCAAAACAAACAGC 
GG204 GCGATCAAATGGTAACCCCAGTGAC 

ΔapeH 
GG231 GATTCAATCGATGCTCTGGAGCTGGG 
GG232 TCATGTTGAGCAGGTTGCTCGCGG 

ΔapeI 
GG235 CTGGCTGCTCTGTGGGGCGATAAGC 
GG236 GATCACCACGCAGGGCGTCATC 

ΔapeJ 
GG177 ACAACGGCAGCGAAGGCCAGACTG 
GG178 CTCAGCGTCTCTGGTGTTAATTGGTGTCG 

ΔapeK 
GG233 ACGCAAGCCCTTTGAGTGTCTGCTTTACC 
GG234 CAAACTGGTTGTCAGAAACAGCAGTATCCC 

ΔapeL 
GG205 TCTGTTTGAACGCATGGGGGTCAAGC 
GG206 CCAACGTCACTACCGTTCCTGCCAGC 

ΔapeM 
GG207 CCGAGCTTGCTTTTACCCGACACC 
GG208 GCCAGATGTACTGGTGCCCATGATCACG 

ΔapeN 
GG209 CTATCCCCACTGGCCATGCCTGAGC 
GG210 CTGATTGATGACGATCGACTCCATCTGG 

ΔapeO 
GG179 CACAGAGATTCATTATGATGCCCCAAATGG 
GG180 TGCCCCGATAATACCGGCTTTCGC 

ΔapeP 
GG237 CCTTGATGAGGGTGATCAGCATGTCAGC 
GG238 ATCCCTTTGCTGGCACCGGTCAC 

ΔapeQ 
GG239 ACGCATGGCATATGTCAGCCCCG 
GG240 GGCCTTTCCTGATGGGATGTCGC 

ΔapeR 
GG181 CAAATGGAAGAAGCCGCCTTGAAAGAAG 
GG182 TCGGTGATTTTTCTCAACGACATACTTTGG 
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Table 5. Plasmids used in this study. 
Plasmid Genotype Reference 

pAL03 R6Kγ ori, oriT, sacB, araC, araBAD, Kmr  [150] 

pAL03_ape_mP markerless promoter exchange plasmid based 
on pAL03 with 800 bp of up- and downstream 

region of apeB start codon, Kmr 

see 7.1 

pEB17_Km R6Kγ ori, oriT, araC, araBAD promoter, Kmr [150] 

pEB17_ΔapeB Deletion plasmid based on pEB17_Km with  
Kmr, with 800 bp of up- and downstream 

region of apeB 

this work 

pEB17_ΔapeC Deletion plasmid based on pEB17_Km with  
Kmr, with 761 bp of up- and 730 bp of 

downstream region of apeC 

this work 

pEB17_ΔapeD Deletion plasmid based on pEB17_Km with  
Kmr, with 850 bp of up- and downstream 

region of apeD 

this work 

pEB17_ΔapeE Deletion plasmid based on pEB17_Km with  
Kmr, with 650 bp of up- and downstream 

region of apeE 

this work 

pEB17_ΔapeF Deletion plasmid based on pEB17_Km with  
Kmr, with 650 bp of up- and downstream 

region of apeF 

this work 

pEB17_ΔapeG Deletion plasmid based on pEB17_Km with  
Kmr, with 600 bp of up- and downstream 

region of apeG 

this work 

pEB17_ΔapeH Deletion plasmid based on pEB17_Km with  
Kmr, with 956 bp of up- and 896 bp of 

downstream region of apeH 

this work 

pEB17_ΔapeI Deletion plasmid based on pEB17_Km with  
Kmr, with 826 bp of up- and 782 bp of 

downstream region of apeI 

this work 

pEB17_ΔapeJ Deletion plasmid based on pEB17_Km with  
Kmr, with 950 bp of up- and 983 bp of 

downstream region of apeJ 

this work 

pEB17_ΔapeK Deletion plasmid based on pEB17_Km with  
Kmr, with 850 bp of up- and 818 bp of 

downstream region of apeK 

this work 

pEB17_ΔapeL Deletion plasmid based on pEB17_Km with  
Kmr, with 857 bp of up- and 850 bp of 

downstream region of apeL 

this work 

pEB17_ΔapeM Deletion plasmid based on pEB17_Km with  
Kmr, with 855 bp of up- and 843 bp of 

downstream region of apeM 

this work 

pEB17_ΔapeN Deletion plasmid based on pEB17_Km with  
Kmr, with 850 bp of up- and 853 bp of 

downstream region of apeN 

this work 

pEB17_ΔapeO Deletion plasmid based on pEB17_Km with  
Kmr, with 850 bp of up- and 825 bp of 

downstream region of apeO 

this work 

pEB17_ΔapeP Deletion plasmid based on pEB17_Km with  
Kmr, with 823 bp of up- and 820 bp of 

downstream region of apeP 

this work 

pEB17_ΔapeQ Deletion plasmid based on pEB17_Km with  
Kmr, with 894 bp of up- and 934 bp of 

downstream region of apeQ 

this work 

pEB17_ΔapeR Deletion plasmid based on pEB17_Km with  
Kmr, with 830 bp of up- and downstream 

region of apeR 

this work 
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8.4.1.1. Cloning 

Genomic DNA from X. doucetiae was isolated using the Gentra Puregene Yeast/Bact kit 

(Qiagen). Polymerase chain reaction was (PCR) performed with Phire Hot Start II DNA 

polymerase (Thermo Scientific), Phusion High-Fidelity DNA Polymerase or Q5 polymerase 

(New England Biolabs) according to the manufacturer’s instructions. Oligonucleotides were 

purchased from Eurofins Genomics. The Invisorb Spin DNA Extraction Kit (Stratec) was used 

for DNA purification from agarose gels. Plasmids were isolated with the Invisorb Spin Plasmid 

Mini Two Kit (Stratec). Plasmid-backbone PCRs were restriction digested with DpnI (New 

England Biolabs) following the manufacturer’s protocol. All plasmids were cloned via Hot 

Fusion[163] with corresponding oligonucleotides listed in Table 4. E. coli ST18λpir was used as 

a cloning strain for plasmids with pEB17-backbone, E. coli BL21 (DE3) GOLD was used 

instead for pACYC-DUET and pCDF-Duet backbones. The respective E. coli strains were 

electroporated with desalted Hot Fusion (MF-Millipore membrane, VSWP, 0.025 μm). 

Appropriate antibiotics were used in the following final concentrations: kanamycin (50 µg/mL), 

spectinomycin (50 µg/mL), chloramphenicol (35 µg/mL).  

8.4.1.2. Construction of Deletion Mutants 

Deletions apeB-apeR in the APE-producer (X. doucetiaeΔDCΔhfqPBADapeB) were constructed 

by conjugation of E. coli ST18 strains, harboring the corresponding deletion plasmid with 500-

900 bp of the up- and downstream flanking regions of the gene of interest (Table 5). In a first 

homologous recombination event, the pEB17-plasmid backbone is inserted and maintained by 

kanR selection. Therefore, both strains were grown in 10 mL LB-medium (10 g/L tryptone, 5 g/L 

yeast extract and 5 g/L NaCl at pH 7.5) (E. coli ST18-λpir was supplemented with 50 μg/mL 

kanamycin and δ-aminolevulinic acid) to an OD600 of 0.6-0.8 and harvested in a ratio of 5:1 

(5 mL X. doucetiae strain:1 mL E. coli strain). To get rid of the remaining δ-aminolevulinic acid, 

the E. coli ST18λpir pellet was washed three times with 1 mL LB. Cells were resuspended in 

60-90 μL LB and mixed prior to pipetting them in one drop (90 μL) on an LB agar plate. After 

1 d at 30°C, cells were resuspended in 1 mL LB. The first homologous recombination event 

was forced by striking 200 μL of the appropriate cell suspension on LB agar plates, 

supplemented with kanamycin. In a second homologous recombination, the plasmid backbone 

was lost by a double cross-over event, which was achieved by further cultivation of the 

insertion-mutants (first homologous recombination) on LB agar plates containing 12% (w/v) 

sucrose. 
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The deletions (apeB-R) in the APE-producer were verified through colony-PCR using 

oligonucleotides listed in Table 4. Therefore, half of a colony of the corresponding mutant was 

picked and resuspended in 50 µL 1x Taq-buffer and heated in the microwave (600 W) for 

3 min. 1 µL of the resulting cell suspension was used for a 25 µL PCR-reaction (10 µM 

oligonucleotide fw/rv, 10 mM dNTPs, 1x taq-buffer, 0.25 µL taq; 10x taq-buffer ) using Taq 

DNA polymerase (New England Biolabs) according to manufacturer’s protocol.  

8.4.1.1. Cultivation and Extraction of APE-Producing Strains 

Transesterified extracts of the APE-producer, the APE-producer mutants and the E. coli strains 

used for heterologous expression, were generated as previously described (7.1). E. coli strains 

were cultivated in XPPM-medium. For the extraction procedure of APE-lipids, the 

transesterification step was omitted.   

8.4.1.2. HPLC-UV/MS Analysis of APE compound 

Crude extract from the APE-producer and the APE-producer mutants ΔapeA-R was analyzed 

via high resolution (HR)-HPLC-ESI-UV/MS analysis using a Dionex Ultimate 3000 LC system 

(Thermo Fisher), coupled to an Impact II electrospray ionization mass spectrometer (Bruker) 

and a DAD-3000 RS UV-detector (Thermo Fisher). Internal mass calibration was achieved by 

injecting a 10 mM sodium formate solution (0-1.5 min, calibration segment). For Data analysis 

of HPLC-UV/MS-chromatograms, Compass DataAnalysis 4.3 (Bruker) was used.  

Columns, solvent systems and LC- and MS-parameter, which were used upon analysis of the 

different compounds, are listed in Table 6 and Table 7. 

  



Additional Results: Tracing the Full-length APE 

 

71 
 

Table 6. Used columns with their specifications plus conditions/parameters for analytical HPLC-MS 
analyses.  

 
colums 

C18 RP C18 BEH Acquity UPLC (Waters), 50 mm x 2.1 mm x 1.7 µm 
C4 AERIS-WIDEPORE C4 (Phenomenex), 250 mm x 4.6mm x 3.6 µm 
C3 Zorbax 300SB-C3 300Å (Agilent), 150 mm x 3.0 mm x 3.5 µm 

LC-conditions 

Gradient I 

flow rate 0.4 mL/min, column oven temperature 40°C 
min solvent A (%) solvent B (%) 

0.0 95 5 
2.0 95 5 
2.1 60 40 
4.0 60 40 
20.5 5 95 
29.0 5 95 
29.1 95 5 
30.0 95 5 

Gradient II 

flow rate 0.6 mL/min, column oven temperature 40°C 
min solvent A (%) solvent B (%) 
0.0 95 5 
2.0 95 5 
17.0 5 95 
17.1 0 100 
25.0 0 100 
25.1 95 5 
30.0 95 5 

Gradient III 

flow rate 0.6 mL/min, column oven temperature 40°C 
min solvent A (%) solvent B (%) 
0.0 60 40 
2.0 60 40 
17.0 5 95 
17.1 0 100 
25.0 0 100 
25.1 60 40 
30.0 60 40 

Gradient IV 

flow rate 1.2 mL/min, column oven temperature 55°C 
min solvent A (%) solvent B (%) 
0.0 80 20 
1.0 80 20 
10.0 47 53 
10.1 0 100 
14.0 0 100 
14.1 80 20 
16.0 80 20 

Gradient V 

flow rate 1.2 mL/min, column oven temperature 55°C 
min solvent A (%) solvent B (%) 
0.0 32 68 
1.0 32 68 
3.0 53 47 
5.0 54 46 
28.0 60 40 
28.1 97 3 
30.0 97 3 

MS-parameters 
 Source Tune 

‘normal’ 

End Plate Offset  500 V 
Capillary   4500 V 
Nebulizer  3.0 Bar 
Dry Gas   8 L/min 
Dry Temp  200°C 

Transfer 
Funnel1 RF   300 Vpp 
Funnel2 RF   300 Vpp 
Hexapole RF   60 Vpp 
Quadrupole  
Ion Energy   5 eV 
Collision Cell  
Collision Energy   10.0 eV 
Pre Pulse Storage   5 µs 
Stepping Collision RF  500 Vpp  
Stepping Transfer Time   82.5 µs 

‘APE-lipid’ see ‘normal‘ 
see ‘normal’ with: 
Stepping Collision RF  800 Vpp  
Stepping Transfer Time  140 µs 
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Table 7. Used methods for the analysis of APEXd/conjugated-FA methyl ester and APE-lipids. The best 
achieved conditions for separation are marked in bold. For details, see Table 6.  

compound column solvent system LC-condition MS-parameter 
APE-/conjugated-FA 

methyl ester 
C18, C3, C4 

A:H2O/B:ACN 
+0.1 % formic acid 

Gradient I, II, III ‘normal’ 

APE-lipids 
 

C3, C4 
A:ACN/2-Prop(9:1)/B:ACN/H2O(6:4) 
+0.2 % formic acid 
+10 mM ammonium formate 

Gradient IV, V ‘APE-lipid’ 

 

8.4.1.3. Fermentation and Crude Extraction 

Fermentation was performed in collaboration with Anja Schüffler from the ‘Institut für 

Biotechnologie und Wirkstoff-Forschung’ at the University of Kaiserslautern. Two 50 L 

bioreactors were filled with 20 L LB-medium and inoculated with a preculture (1:100) of the 

APE-producerΔapeJ mutant supplemented with 0.2% L-arabinose (200 mL 20% L-arabinose). 

The strain was cultivated for 72 h with 160 rpm, at 30°C, 4 L O2/h and supplemented with anti-

foam. Cells were harvested with a flow-through centrifuge (Eppendorf) at 60 0000 rpm. The 

cell pellet was freeze-dried and grouted prior to extracting it with DCM/MeOH (2:1), resulting 

in 80 g crude extract. 

8.4.1.4. Enrichment and Isolation of APE Compounds 

The preparation of APEXd-methyl ester or APE-lipids was performed as described in 8.4.1.1. 

The purification/enrichment conditions for the conjugated-FA ‘399’ and conjugated-FA+X are 

listed in Table 8. and Table 9.  

Table 8. Used columns with their specifications plus conditions/parameters for the isolation process. 
colums 

Silica SNAP KP-Sil 50 g 
C18 Eclipse XDB-C18 (Agilent), 9.4 mm x 250 mm x 5 µm 
C3 Zorbax 300SB-C3 (Agilent), 9.4 mm x 250 mm x 5 µm 

Phenyl-Hexyl Eclipse Plus Phenyl-Hexyl (Agilent), 9.4 mm x 250 mm x 5 µm 
C8 prep. Eclipse XDB-C8 (Agilent), 21.2 mm x 250 mm x 7 µm 
sephadex LH-20 material 

LC-conditions 

Size exclusion 
self-packed 1.20 m glass-column with LH-20 material, solvent MeOH, 
flow rate 1 drop/s by gravity, RT 

normal phase ‘Silica’ 

Chromatographic system: Biotage Flash-SP1 
flow rate 30 mL/min, RT 

solvent A: DCM, solvent B: MeOH, gradient: 20 column volumes 0-100% MeOH  

reversed phase 
‘Gradient I, semiprep’ 

Chromatographic system: Agilent 1260 Infinity 
flow rate 4 mL/min, column oven temperature 40°C 
min solvent A (%) solvent B (%) 
7.0 20 80 
7.1 0 100 
13.0 0 100 
13.1 20 80 
18.0 20 80 

Reversed phase 
‘Gradient II semiprep’ 

Chromatographic system: Agilent 1260 Infinity 
flow rate 4 mL/min, column oven temperature 40°C 

min solvent A (%) solvent B (%) 
7.0 95 5 
7.1 0 100 
13.0 0 100 
13.1 95 5 
18.0 95 5 
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ff. Table 8. Used columns with their specifications plus conditions/parameters for the isolation process. 

Reversed phase 
‘Gradient III semiprep’ 

Chromatographic system: Agilent 1260 Infinity 
flow rate 5.5 mL/min, column oven temperature 40°C  
min min min 
5.0 5.0 5.0 
5.1 5.1 5.1 
11.0 11.0 11.0 
11.1 11.1 11.1 
17.0 17.0 17.0 
17.1 17.1 17.1 
20.0 20.0 20.0 

reversed phase 
‘Gradient IV semiprep’ 

Chromatographic system: Agilent 1260 Infinity 
flow rate 4 mL/min, column oven temperature 40°C 

min solvent A (%) solvent B (%) 
5.0 35 65 
5.1 35 65 
15.0 20 80 
15.1 0 100 
20.0 0 100 
20.1 35 65 
24.0 35 65 

reversed phase 
‘Gradient V semiprep’ 

Chromatographic system: Agilent 1260 Infinity 
flow rate 4 mL/min, column oven temperature 40°C 

min solvent A (%) solvent B (%) 
8 40 60 
15 10 90 
21 10 90 
21.1 40 60 
25 40 60 

reversed phase 
‘Gradient I prep’ 

Chromatographic system: Agilent 1260 Infinity II Preparative LC/MSD System 
flow rate 20 mL/min, RT 

min solvent A (%) solvent B (%) 
8.0 50 50 
12.0 50 50 
15.0 5 95 
21.0 5 95 
21.1 50 50 

 

Table 9. Used conditions for the isolation of conjugated-FA methyl ester and conjugated-FA+x. 
compound strain culture volume cultivation conditions 

conjugated-FA methyl 
ester 
 

APE-producer 6 L LB 2 d, 30 °C, 180 rpm 

conjugated-FA+x APE-producerΔapeJ 40 L LB see 8.4.1.3 

 chromatography column solvent system LC-parameter 

conjugated-FA methyl 
ester 
 

size exclusion sephadex MeOH see Table 8 
reversed phase 
semiprep. 

C18 A:H2O/B:ACN  ‘Gradient I’ 

reversed phase 
semiprep. 

C3 A:H2O/B:ACN  ‘Gradient II’ 

reversed phase 
semiprep. 

Phenyl-Hexyl A:H2O/B:ACN  ‘Gradient III’ 

conjugated-FA+x normal phase Silica A: DCM/B: MeOH see Table 8 
size exclusion sephadex MeOH see Table 8 
reversed phase prep. C8 prep. A: 2-Prop/ACN (9:1)/ 

B:ACN/H2O(6:4) 
‘Gradient IV’ 

reversed phase 
semiprep. 

C3 A: 2-Prop/ACN (9:1)/ 
B:ACN/H2O(6:4) 

‘Gradient V’ 

reversed phase 
semiprep. 

C3 A: 2-Prop/ACN (9:1)/ 
B:ACN/H2O(6:4)) 

‘Gradient I prep.’ 
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8.4.1.5. Quenching Effect of the APE-Producer 

Fluorescence measurement was performed with extracts from the APE-producer and the APE-

producerΔapeJ-mutant on a Fluorolog system with the assistance of Marco Kaiser (Wöhnert 

group, Goethe-Universität Frankfurt). Therefore, 1 mL crude extract of each strain was 

prepared (50 mL pellet, extracted with 30 mL MeH/DCM (2:1), as described above). Crude 

extract of the APE-producer was titrated (100 µL, 200 µL, 250 µL) to crude extract of the APE-

producerΔapeJ mutant in a total volume of 2 mL and mixed by pipetting.  

8.4.1.6. Thin-Layer Chromatography of APE-Extracts 

Thin-layer chromatography was performed according to the protocol from Entezami et al. for 

phospholipids.[164]  

8.4.1.7. Network analysis 

Sephadex fractions of transesterified APE-producer (mutant) extracts were analyzed via 

HPLC-UV/MS, as described in 8.4.1.2. Raw-data, obtained from DataAnalysis 4.3, were 

subjected to the GNPS-platform[160] in mzXML-file format. Samples were manually grouped 

according to their UV/Vis-spectrum into: 1. control-group (no significant UV/Vis-signal of APE- 

or conjugated-FA detectable) (color in network: grey), 2. APEXd-methyl esters (color network: 

yellow) and 3. conjugated-FA methyl esters (or hydrophobic compounds) (color network: 

turquois).  

If not stated otherwise, the GNPS parameters were used as default: Basic options, 

‘Precursor/Fragment Ion Mass Tolerance’: 0.05 Da. Advanced Network Options, ‘Min Pairs 

Cos’: 0.7, ‘Minimum Matched Fragment Ions’: 4, ‘Network TopK’: 7, ‘Minimum Cluster Size’: 2, 

‘Maximum Connected Component Size’: 100.  Advanced Library search options, ‘Maximum 

Analog Search Mass Difference’: 500. Advanced Filtering options, ‘Minimum Peak 

Intensity’:  50.   
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9 Discussion and Future Work 

Type II PKS systems of Gram-positive origin are well characterized and typically found in 

Streptomyces.[23,35] Within this thesis, three PKS II systems from the Gram-negative bacteria 

Xenorhabus and Photorhabdus were characterized (sections 0 and 8). Results were obtained 

from a combination of in vivo and in vitro experiments as well as by spectroscopic 

characterization. The underlying biosynthetic mechanisms are discussed below. A special 

emphasis was put on the APE system in X. doucetiae.  

9.1 APEs – More than Small Molecules 

Largely overlooked in HPLC-MS-based metabolomics, with the help of bioinformatics, the APE 

BGC was found to be one of the most widely distributed gene clusters among 

proteobacteria.[138] A comprehensive global alignment divided the APE BGCs into three 

subfamilies, the BGC from X. doucetiae represents a member of subfamily 1 (Figure 23b). 

Associated with these BGCs are molecules known as APEs, which were introduced in this 

work as APE methyl esters. Small molecules with masses ranging from 300-500 Da 

(Figure 23a). APE compound are thought to be located in the membrane.[138,165] In previous 

studies,[138,142,166] APEs were so far isolated from pelleted cell cultures, resulting in the structure 

elucidation of APE-methyl ester APEEc from E. coli CFT073 and ApeVf from Vibrio fischeri, 

xanthomonadins and flexirubins (Figure 23). Antismash[167] analysis revealed that X. doucetiae 

harbors an APE BGC, which is highly homologous to the APE BGC from E. coli CFT073 

(Figure 23).  

9.1.1 APEXd-Methyl Esters from X. doucetiae 

In order to uncover the APE-methyl esters produced by X. doucetiae (APEXd-methyl ester), 

APE derivatives were extracted as previously described[138] and the most abundant APEXd-

methyl ester from X. doucetiae was subsequently isolated and the structure elucidated via 

NMR (7.1).  

Furthermore, the extracted APEXd-methyl esters were analyzed in order to determine their 

structural properties. The structural features of these multiple APEXd-methyl esters were 

investigated by adding precursor molecules to the growing cultures. It was shown that the 

extracted APEXd-methyl esters’ chain lengths ranged from 5-7xEN and the methylation pattern 

from 0-2x Met (compare section 7.1 and 8). Importantly, the isolated main APEXd-methyl ester 

comprised 6xEN and 2xMet. These findings comply with the results obtained from in vitro 

assays with ApeO:C (7.1). Using ApeCDEFHIOPQ along with 4-HBA and malonate building 

blocks, resulted in the ACP-bound APE, harboring 7xEN and 0xMet (due to missing MT ApeB). 

These results indicate that the chain-length determination of ApeO:C is influenced by another 

factor since the 7xEN-bound APE-product did not account for the main product in vivo. 
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APE compound were so far only presented with a characteristic hydroxy-substitution and 

methylations at the aryl-ring, sometimes substituted with additional halogens (Br, Cl).[138] 

Surprisingly, according to MS-analysis, besides the APEXd-methyl esters, which owe a 

4-hydroxy-substitution, an amino-substitution was assigned to the aryl moiety of the 

APEXd-methyl esters (see section 8). Like 4-HBA, which was shown to be incorporated into 

APEXd-methyl ester as a precursor (7.1), this aminobenzoic acid precursor can also be 

obtained from the shikimate pathway,[47] as it was already described for the PKS II-derived 

aurachins (Figure 11).[123,124] However, this observation needs further investigations, i.e. 

feeding experiments with isotope-labeled amino-benzoate precursors, to reveal, among 

others, the substitution position of the amino group on the aromatic ring (para/meta/ortho). As 

it stands, this amino-substitution expands the APE moiety repertoire and may represent an 

alternative/additional structural feature, potentially increasing evolutionary fitness for the 

organism.  

 

A plethora of unassigned APEXd-methyl esters were further detected in the HPLC-UV/MS-

analysis of the sephadex fractions of the esterified extract from the APE-induced mutant (8.1). 

It cannot be excluded that the unassigned signals are purification artifacts, as the conjugated 

π-system of APE-methyl ester could be prone to isomerization and oxidation.[147,168]  

In comparison, the results from Cimermancic et al.[138] indicate that the respective APE BGCs 

from E. coli CFT073, X. doucetiae and V. fischeri were enough to yield the respective major 

products (APEEc APEXd, APEVf in Figure 36) in a heterologous production host. Here as well, 

apart from the three main products, the chromatograms indicate that each strain features its 

own set of lesser abundant APE derivatives,[138] which is in accordance with our observations. 

The above-stated indications suggest that the APE derivative formation underlies a complex 

mechanism which, in addition to the already known CLF, also includes auxiliary factors and 

will be discussed later.  
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9.1.2 In Small Steps from APE-Methyl Esters to APE-Lipids 

Notably, besides the genes that were shown to be involved in the biosynthesis of the APEXd-

moiety, the APE BGC harbors several unallocated genes (Figure 36). These additional genes 

indicate a further installation of the APE moiety to a lipid-like structure. According to blastp, 

these ‘lipid-genes’ encode namely for a phosphoglyceryl acyltransferase, a LolA-like protein 

and an MMPL-transporter, typically involved in lipid biosynthesis. In brief, LolA-like proteins 

mediate solubility to the hydrophobic lipids, which are assembled in the cytoplasm, while 

MMPL-transporter export the produced lipid compounds to their final location across the cell 

envelope.[169,170] Additionally, a gene encoding for a glycosyltransferase is well-conserved. 

 

The investigations that the APE moiety gets installed to a lipid-like structure (hereafter referred 

to as APE-lipid) were described within the additional results section 8. Here, the major advance 

pointing towards an APE-lipid was taken through the discovery of several unusual conjugated-

FAs, only produced in the X. doucetiae APE-producer strain. These conjugated-FAs were 

detected in the HPLC-UV/MS-analysis next to the APEXd-methyl esters through their 

characteristic absorbance in the VIS-range. Here again, the major conjugated-FA was isolated, 

and the structure elucidated by NMR. As it was true for the APEXd-compounds, the conjugated-

FA was depicted as a methyl ester, too. This led to the conclusion that a linkage between the 

APE and the conjugated-FA moiety to form a more complex APE-lipid exists, if the extract is 

not subjected to transesterification.  

In order to verify this assumption, analytics to confirm APE-lipid-like structures were adapted 

and the extraction procedure was conducted without the transesterification step. As a result, 

for the first time, APE-molecules were detected as APE-lipids in MS-analyses (Figure 35). 

Unfortunately, the isolation of the amphiphilic APE-lipid in total failed so far (section 8.1). Major 

drawbacks represented lipid-impurities of phosphatidylethanolamines due to their similar 

chromatographic behavior (Figure S7). Furthermore, low baseline separation of the APE-lipid 

derivatives and the postulated instability under light and oxygen influence, which was already 

reported for xanthomonadin, flexirubin or carotenoid compounds,[168,171] have made an isolation 

difficult. As already mentioned, the APE-lipids are assumed to be located in the outer 

membranes, as it was shown for the pigment xanthomonadin.[165] This transfer is most likely 

supportively co-mediated by the postulated Mycobacterial membrane protein Large (MmpL)-

transporter encoded within the cluster (ApeM). MmpL-transporters are a subclass of 

Resistance-Nodulation-Cell Division (RND) transporters, which appear to play a major role in 

acting as scaffolding proteins that couple lipid synthesis and transport.[169,172] It is suggested 

that the assembly of APE-lipids takes place in the cytosolic compartment or near the inner 
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leaflet of the plasma membrane, with the APE-lipid synthase being in the cytosolic 

compartment. This model would fit with an MmpL-transporter-mediated synthesis of the 

unusual lipids from Mycobacteria, derived from PKS (or NRPS) systems.[169] 

To reduce lipid-impurities during the isolation process of APE-lipids, the outer membrane can 

be separated from the inner membrane lipids prior to extraction.[173] Consequently, a huge 

amount of the major impurities represented by the phosphatidylethanolamines were to be 

removed due to the asymmetric composition of the inner and outer membrane. Here, the inner 

membrane is composed of phospholipids and the outer membrane predominantly of a mixture 

of phospholipids and LPS.[174] Furthermore, the apeB deletion mutant (encoding for an MT) 

should be used for the isolation process, as this mutant seems to produce the unmethylated 

product (section 8). Eventually, heat and light during the purification process ought to be 

reduced to the minimum, as these might be factors triggering the decay process, creating 

unwanted side products. [168,171]   

However, the core structural elements of the APE-lipid were successfully assigned with MS-

based methods (Figure 35). The APE core was detected in MS2 with an additional glucosamine 

substitution and due to the detection of a phosphoethanolamine head group, which displays a 

typical neutral loss in MS of phosphatidylethanolamines[175], the unusual conjugated-FA moiety 

is proposed to be linked to a glycerol.  
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Figure 35. Proposed structure of the main APE-lipid with a detected m/z of 1285 Da. Proposed collision 
induced fragmentations are depicted. The linkage of the APE-sugar moiety was confirmed in MS2 of m/z 
1284.744 (see Figure 33) with 508.2303 [M+H]+. The oxonium-ion of APE (305.1535 [M+H]+), the 
conjugated-FA (367.2996 [M+H]+), the sugar moiety (204.0866 [M+H]+) and the neutral loss of the polar 
phosphoethanolamine head group (-141.0186 Da) were detected in the same spectra. The detected 
m/z 701.5221 and m/z 563.5035 were not assigned but may harbor the unknown building block.     

It must be considered that the summarized masses for the APE-lipid building blocks (APE-, 

conjugated-FA, sugar and phosphoethanolamine head group moiety), still do not add up to the 

obtained overall mass of the main APE-lipid of m/z 1285 (Figure 35). The delta for the whole 
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compound lies at 177 Da. This may vary depending on the formed adduct (e.g. [M+H]+, 

[M+NH4]+, [M+Na]+), but stands for a yet unidentified building block. A possible attachment site 

for this unknown building block might be formed by the remaining hydroxy-groups of the sugar 

or the β-hydroxy group or the conjugated-FA moiety (red arrows, Figure 35). Thus, to this end, 

the proposed APE-lipid needs further structural evidence and the remaining building block has 

to be identified.  

The combination of NMR-techniques and feeding experiments with labeled precursor 

molecules are highly recommended for future investigations. Such feeding experiments may 

compromise simple 13C acetate feeding (1,2-13C2, 1-13C, 2-13C) or cultivation in C13 media to 

determine/proof the APE-lipid structure in total, with the feeding of selected precursor 

molecules (13C‐, 15N‐, or 2H‐labeled or modified precursor molecules), to further distinguish the 

incorporation and connection of the different building blocks.[176,177] There are many ways to 

conduct such feeding experiments and in the following some possibilities are exemplified.  

 

For instance, feeding with 3-fluoro-4HBA instead of 4HBA, as it was already performed under 

7.1 for the assignment of the APEXd-methyl esters, would affect all MS2-fragments harboring 

the APE moiety. The incorporation of a fatty acid precursor to the APE-lipid structure can be 

tested with feeding of ω-azido labeled C13-C16 fatty acids, as performed under 7.2. Here, in 

turn, all MS2-fragments harboring the conjugated-FA would be affected upon incorporation. 

With the use of both precursor feeding methods, it may be distinguishable whether the 

unknown building block is attached to the APE- or the conjugated-FA moiety. 13C‐, 15N‐, or 2H‐

labeled precursors can be used to further study the sugar and the glycerol backbone.  

As phosphoethanolamine is built up from serine, the phosphoethanolamine head group can 

be verified with feeding of labeled 13C-serine. Mass shifts of the glucosamine residue can be 

caused by feeding with 13C-glucose. Hence, combining the results from the feeding 

experiments with additional MSn-analyses and NMR-data would result in a fully revised APE-

lipid structure.  

 

Apart from that, the herein conducted work, represents a major step forward regarding the 

detection of APE-lipids and significantly changes the point of view for the hitherto believed 

small APE compound.[138]  

Notably, the genes between APE-subfamily 1 (X. doucetiae APE BGC) and 2 (V. fischeri APE 

BGC) are well conserved (Figure 36) but family 2 inherits an additional ammonia lyase to 

produce the aromatic starter unit and an additional halogenase encoding gene, while the 

halogenated product was not yet identified. In contrast, the X. doucetiae gene cluster of APE-

subfamily 1 encodes for a protein of unknown function directly at the beginning of the gene 
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cluster, while the V. fischeri BGC encodes for an additional lipoprotein instead. It should be 

mentioned that all analysis with promotor exchange mutants (X. doucetiae APE-producer) 

were conducted with a promotor exchange in front of apeB, resulting in an APEXd-methyl ester 

which was double-methylated and represents the same main APE-methyl ester as for 

subfamily 2 (see Figure 36, APEVf). As the function of ApeA is unknown any influence on the 

methylation of the aryl-ring cannot be excluded.  

The already described lipid genes (Figure 36, turquois genes) are well-conserved among APE-

subfamily 1 and 2 but differ among subfamily 3. It can be speculated that those genes 

determine the structural elements which are attached to an APE-scaffold. Interestingly, within 

the xanthomonadin gene cluster, two C-terminal homologs harboring the LPLAT-

acyltransferase-like-domain of ApeJ were found. Thus, the domain for the glycosyltransfer is 

missing, typically being encoded N-terminally in the ApeJ homolog. Additionally, no homologs 

of the unknown proteins ApeA, ApeG and ApeN exist (Figure 36).  
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Figure 36. Relation of the APE-subfamilies. Assignment of APE BGCs to different APE-subfamilies 
according to their gene endowment, adapted from [145]. Ec = E. coli, Vf = V. fischeri, Xc = Xanthomonas 
campestris, Fj = Flavobacterium johnsonii (a) Comparison of APE-lipid genes (turquoise). Dotted lines 
represent an aa-sequence similarity of over 40%. In the case of the apeJ homologs in Xanthomonas 
campestris ATCC 33913, only the N-terminal translated regions (first 260 aa) were used for the 
alignment (b). 

Finally, the herewith developed methods could be used to confirm the postulated APE-lipids 

or their esterified structural elements (APE moiety, conjugated-FA moiety) by using different 

representatives of the APE-subfamilies. An intriguing discrepancy can be found between the 

DAR connection of flexirubin-like pigments (see arcuflavin, Figure 23) and the proposed 

structure (Figure 35). In fact, the DAR moiety is directly linked to the carboxyl-group of the APE 

moiety and there is no space for adding a glycerol backbone. It cannot be excluded that the 
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connection between the APE-, conjugated-FA-, glycerol- and sugar moiety is different from the 

proposed structure of the APE-lipid in Figure 35. However, as stated above, a structural 

confirmation of the APE-lipid in total would clarify these uncertainties. 
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9.2 Multitasking APE-Synthase 

The finding of an APE-lipid raises questions regarding both, the biosynthesis of the final 

compound itself (Figure 35) and the unusual conjugated-FA-part (Figure 28). Due to the fact 

that the hydrophobic conjugated-FA is not synthesized in the uninduced APE-producer, the 

APE-machinery is responsible for parts of its biosynthesis. At this point, it is beneficial to take 

the results, presented in publication under 7.1 into consideration, which addressed the in vitro-

reconstitution of an ACP-bound APE moiety. The biosynthesis was reconstituted with the AasS 

ApeH and both ACPs (ApeE and ApeF) under further addition of ApeO:C (KS:CLF), ApeR 

(KS), ApeQ (KR) and the heterocomplex ApeI/P (DH) with addition of hydroxybenzoate and 

malonate units and the respective Co-factors. The role of both ACPs was distinguished using 

the hydroxybenzoate transfer reaction catalyzed by ApeH. Here, ApeE was assigned as 

starter- (4HBA-ACP) and ApeF as elongation-ACP (malonyl-ACP). In contrast, the role of both 

KS could not be clearly determined at that point, but the use of ApeO:C in the in vitro-setup 

produces a distinct APE-chain-length with up to seven double bonds (7xEN). The use of ApeR 

produces short chain-length APE product and the combination of both KS (+CLF) 

(ApeO:ApeC, ApeR) resulted in chain-length with up to 11 double bonds (11xEN). Supported 

by the structural knowledge of the APE-lipid obtained by the deletion studies with the APE 

BGC and NMR-data together with the HPLC-UV/MS and MS/MS analyses with APE-producer 

mutants (section 8), these results are interpreted as follows (Figure 37): It is proposed that the 

APE moiety is synthesized with the use of the ACP ApeE and AasS for loading 4HBA (or 

aminobenzoic acid) onto ApeE which is further elongated by ApeO:C with the interplay of the 

KR ApeQ and the DH-complex ApeI:P to afford in the 5-7xEN-APE products.  

 

At the same time, it might be possible that a myristoyl moiety from primary metabolism is 

dehydrated by a hitherto unknown dehydratase and functions as a starter unit for the 

biosynthesis of the conjugated-FA. Thus, we speculate that during APE-lipid formation, the 

myristoyl-precursor molecule, derived from primary metabolism, is further activated by the 

AasS ApeH and transferred onto the second ACP ApeF, resulting in a cis-double bond 

(Figure 37). It is unknown whether the isomerization reaction occurs before the molecule is 

transferred onto the ACP or in the ACP-bound state. Another option might be that a β-hydroxy-

FA precursor molecule gets dehydrated and isomerized by the ApeI:ApeP complex instead, 

comparable to the isomerization activity of FabA.[79] The latter scenario is even more likely, as 

β-hydroxy-myristoyl FA represents an abundant FA within Xenorhabdus sp.[178] 

To date, cross-talks with the primary metabolism from FAS I/II systems are not well understood 

but are described for the generation of non-acetate starter units, as it was presented for the 

biosynthesis of frenolicin or R1128 (Figure 11).[23,46] Additionally, with an interaction of a FAS I 

and a FAS II system, the very-long-chain lipids from Mycobacterium tuberculosis, the mycolic 
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acids, are produced for building up the characteristic cell wall.[73] Here, a FAS I-synthesized-

product is further processed with a FAS II system.  

 

The ACP-bound FA moiety of the APE-lipid synthase is supposed to get elongated, reduced 

and dehydrated by the KS ApeR, the KR ApeQ and the DHs ApeI:P, resulting in 4xEN trans-

double bonds (conjugated-FA). This ACP-bound conjugated-FA gets further transferred to a 

G3P-molecule by the G3P AT ApeD. Subsequently, this lipid-precursor is combined with the 

ACP-bound APE moiety by the glycosyltransferase ApeJ, which transfers a glucosamine 

moiety to the para-hydroxy/amino-group of the benzoyl-ring prior to getting transferred to the 

lipid-precursor. This bifunctional activity of ApeJ is postulated according to blastp and the 

sequence homology to Ppm1. Ppm1 is a glycosyltransferase working in dolichylphosphate 

biosynthesis to transfer at the one hand acyl- and on the other hand sugar moieties 

(Figure 37).[179] 

The exact time point of the methylation of the aryl-ring is not clarified yet. We assume that 

methylation does not take place at the very beginning of the biosynthesis, as no ApeB (MT) 

activity was observed with either 4-HBA nor 4-HB-ACP (ApeE) (7.1). But instead of a post-

PKS, we rather suggest an in-line methylation due to the detection of only methylated products 

and the absence of non-methylated APEXd-methyl esters in early cultivation stages (Figure S8)  

The use of two ACP isoforms with different substrate specificities has already been found in 

plants, while one ACP showed specificity for short-chain substrates and the other ACP for 

longer ones.[65]  
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Figure 37. Proposed biosynthesis of APE-lipids. The biosynthesis-route for the APE part is highlighted 
in yellow, the route for the biosynthesis of the conjugated-FA moiety is marked in turquoise. The 
precursor derived from primary metabolism is adenylated (+ATP) and both acyl moieties are transferred 
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to the corresponding ACP through the action of AasS ApeH. Elongation takes place with either ApeO:C 
(APE part) or ApeR (conjugated-FA part) in a decarboxylative Claisen-condensation reaction with a 
malonate unit and results in the respective β-ketoacyl-ACP which is getting further reduced (ApeQ, 
NADPH) and dehydrated by the DH-complex ApeI:P. This cycle is repeated with a maximum of 7 built 
double-bonds (7EN) in the case of the APE part. The conjugated-FA gets not dehydrated in the last step 
but directly transferred to a glycerol-3-phosphate (G3P) by the G3P AT ApeD. The resulting G3P-Acyl 
catches the ACP-bound APE moiety with the help of the bifunctional glycosyltransferase after having 
attached a glucosamine-residue in para-substitution at the benzoyl-ring. Methylation must occur in situ, 
prior to the attachment of the phosphoethanolamine head-group. 

The proposed biosynthesis scheme of the APE-lipid is supported by the results from deletion 

studies with APE-producer mutants (from additional results section 8). The deletion of apeC 

(CLF) still resulted in the synthesis of the conjugated-FA part. The same result is obtained by 

deleting apeE (ACP) and apeJ (glycosyltransferase) and apeG (membrane protein). This 

provides evidence that these genes are not directly involved in the biosynthesis of the 

conjugated-FA, but in the formation of the APE moiety or in the linkage reaction. As the 

exclusive production of the APE moiety was not observed, there is an indication that the APE 

moiety is either not synthesized or remains ACP-bound, if not being trapped by the conjugated-

FA-G3P moiety.  

 

This reaction order is in line with the hypothesis for the biosynthesis of the conjugated-FA 

(Figure 37). In the absence of the glycosyltransferase ApeJ or if the APE moiety is not 

produced (ApeK, ApeE and ApeC mutant), the conjugated-FA intermediate is accumulated.  

The deletion of the remaining genes resulted in the absence of an APE-lipid and led to the 

assumption that those genes are involved in both, the biosynthesis of the APE- and the 

conjugated-FA part (Figure 37). However, these hypotheses need further proof.  

 

Clearly, the production profile of the different APEXd-methyl esters resembles the profile of the 

conjugated-FAs (section 8). It is therefore assumed that the chain-length of the APE moiety 

influences the chain-length of the conjugated-FA. Thus, it is assumed that the chain-length for 

building trans-double bonds is determined by the APE-machinery. One chain-length control 

point in the system is represented by the approximately 20 Å hydrophobic channel of the CLF, 

which is assumed to provide space for not more than 7xEN (with aryl head group) (7.1).  

Since the most abundant APEXd-part only harbors 6xEN, it is suggested that the chain-length 

control might additionally involve downstream modifying enzymes. The exclusive support of in 

vitro-data let us previously suggest that the chain-length of the APE moiety might be controlled 

by the G3P-AT ApeD (7.1). Against this stands the gained knowledge from the in vivo studies 

that indicates that the glycosyltransferase ApeJ is the most likely candidate to control the APE-

chain-length (compare Figure 37).  
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To further investigate the biosynthesis of the conjugated-FA, an in vitro-reconstitution with the 

proposed enzymes is highly recommended. On the one hand, to check whether a long 

precursor FA substrate gets incorporated as a starter unit that is further processed with the 

APE-machinery, on the other hand, to test the proposed transfer reaction by the G3P AT ApeD 

of the built acyl-ACP to glycerol. Therefore, a C13-C16-FA precursor can be loaded to ApeF with 

ApeH. The acylated-ApeF may further be processed in the presence of the KS ApeR, the KR 

ApeQ and the DHs ApeI:P to result in the ACP-bound conjugated-FA. Due to the fluorophoric 

system, product formation should be trackable. The transfer reaction of ApeD may be 

investigated by adding glycerol to the processed reaction, the cleaved acyl-glycerol product 

should be detectable in the supernatant. In turn, the glycosyltransferase reaction of ApeD can 

be investigated with in vitro synthesized APE-ACP (see 7.1) in the presence of UDP-GlcNAc 

and the synthesized acyl-glycerol product.  

9.3 Physiological function of APEs – Really an Antioxidant Agent? 

A linear conjugated π-systems provides high reducing potential to the APE-lipid molecules, 

making them potent antioxidants in lipid formations.[144,180] Nevertheless, it is controversial if 

the antioxidant activity of the APE-lipids rather represents an ability than a function. The 

structurally closely related carotenoids or retinals provide some other independent 

physiological functions, i.e. screening from excessive light and spectral filtering or acting as a 

visual pigment in animals and as a chromophore in bacteriorhodopsin photosynthesis.[181] 

Another physiological function for type I PKS-derived polyenes is assigned to the trans-polyene 

molecules amphotericin B and nystatin, produced by Streptomyces nodosum or Streptomyces 

noursei, respectively.[146] In contrast to APE-lipids, these compounds are secreted by the host 

and enter the membrane of fungi by forming pores.[182] These pores disturb the cell membrane 

by causing leakages for monovalent ions and therefore act as antifungal agents. In previous 

work, APE compounds were allocated as antioxidative agents, protecting the cell membrane 

from oxidative stress.[144,145] While antioxidative properties were proven, additional functions 

remained unknown. It is conspicuous that organisms harboring an APE-gene cluster are only 

found within Gram-negative bacteria.[138,183] The main difference between Gram-positive and 

Gram-negative bacteria lies in their cell membrane composition.[184] Gram-positive bacteria 

have cell walls composed of a lipid membrane and a thick peptidoglycan-layer with teichoic 

acids, whereas Gram-negative bacteria possess a two-layered lipid-membrane with a thin 

peptidoglycan-layer with no teichoic acids but an additional lipopolysaccharide (LPS)-

component not found in Gram-positive bacteria. Due to its negative charge, the LPS are prone 

to cationic antimicrobial peptide attacks.[185]  

The Gram-negative bacteria from Xenorhabdus species live in symbiosis with nematodes and 

together, they kill insect larvae during their symbiotic life-cycle.[126,127] As part of the insect’s 
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immune response, cationic antimicrobial peptides are present upon the nematodes entering 

the insect’s hemolymph.[186] The trans-conjugated acyl-chains of either the APE moiety or/and 

the conjugated-FA might function as a barrier for those peptides by mediating a more rigid 

membrane composition, thus protecting the bacteria. Furthermore, the fatty acid side chain 

being kinked at the cis-configuration (Figure 28) might act as an anchor through the opposite 

lipid-layer, as the trans-acyl chains alone (approximately 18 Å) would account for 

approximately half of the membrane’s length. Membrane diffusion tests with fluorescence 

molecules as laurdan are used to measure the membrane rigidity in the presence of cationic 

antimicrobial peptides[187] and could be performed with cells harboring the membrane 

incorporated APE-lipids in comparison with an APE-lipid deficient strain.  

However, it may be hard to envision that the polar sugar moiety, of which we propose that it is 

located at the hydroxy-group of the APE moiety (compare Figure 38), might lay in-between the 

hydrophobic acyl-chains of the phospholipid membrane. Thus, it might be possible that the 

APE-lipids behave similar to phenolic glycolipids (PGL). PGLs are well-known from 

Mycobacterium tuberculosis, where they decorate the outermost layers of the cell wall.[188] The 

aliphatic lipid-core of PGLs is hereby ω-terminated by a para-hydroxybenzoic acid building 

block and further O-substituted with typically one to four deoxysugars. By presenting the sugar 

moieties at the surface, PGLs act as virulence factors.[169,188] A similar physiological function 

might be true for the APE-lipids, with the APE-sugar-part being analogously located at the 

outer phospholipid membrane, which represents hereby the outermost layer in Gram-negative 

bacteria.[188]  
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Figure 38. Structure of the phenolic glycolipids (PGLs) from Mycobacterium tuberculosis (a) and their 
localization in the cell wall. Figure b was used from reference [188] (b). PIM = phosphatidylinositol 
mannosides; LM = lipomannan; Man-LAM = mannose capped lipoarabinomannan; TDM = dimycolyl 
trehalose ; SL = sulfolipids; DAT = diacyltrehaloses; PAT = polyacyltrehaloses. 

  



Discussion and Future Work 

 

91 
 

9.4 The APE-Lipid Synthase – Forming a Multienzyme Complex? 

Within the APE BGC, blastp revealed several gene duplications for the key enzymes, ACP, 

KS and DH. Thus, we were interested in answering the questions of ‘why’ these gene 

duplications are present and ‘how’ a possible multienzyme APE-lipid synthase would look like. 

The role of both ACPs was already discussed under 9.2. The other two duplications (KS, DH) 

resulted in stable protein complexes (see 7.1). One KS (ApeO) of the cluster forms a complex 

with an N-terminal truncated CLF (ApeC). This truncation does not influence the overall protein 

folding, as observed in the X-ray data by adopting the typical thiolase fold of the KS.[189] 

Typically, a CLF is encoded adjacent to the corresponding KS.[62] Within the APE BGC, the 

CLF is encoded eleven genes upstream to its corresponding KS (Figure 23). The second KS 

(ApeR) forms a homodimeric complex (see 7.1), which is well-known for KS of FAS II 

systems.[65] In native-ESI-MS analysis, ApeR seems to ‘prefer’ the monomeric state (see 7.1). 

This side effect is explained by high salt concentrations leading to monomerization in MS.[189] 

Albeit being six genes apart from each other, the DH (ApeI, ApeP), encoded within the APE 

BGC, form a heterocomplex (see 7.1). X-ray data of the complex suggest that the respective 

enzymes are not active in their monomeric state as the active center is built up with the 

interfaces of each subunit. An additional complex formation was observed between both ACPs 

and the TE (see 7.1). Interestingly, no hydrolytic TE activity against ACP-bound APE-

molecules was detected, but shorter chain-length molecules or fatty acids were hydrolyzed. It 

is therefore suggested that the TE presumably functions as a proofreading enzyme as it was 

described for EntH involved in enterobactin biosynthesis.[190] TE can exhibit diverse functions 

which can be roughly classified into families,[191] although their function might not always be 

distinguishable by the primary sequence.[192] Within publication under 7.1, we hypothesize that 

besides the suggested proof-reading activity, the tetrameric TE serves as a platform, being 

responsible for scaffolding the proposed multienzyme complex (Figure 39b). In a pull-down 

with tagged ApeE (ACP) analysis with enriched APE-proteins (X. doucetiae APE-producer), 

no further interactions with the ACPs were detected. Despite the tight interactions in the 

described complexes (KS:CLF, ApeO:ApeC; DH, ApeI:ApeP, ACP:TE ApeE:ApeK, 

ApeF:ApeK), other interactions with the ACPs are suggested to be more transient (unpublished 

data). To this end, a complex formation leading to a multienzyme complex, with the ‘remaining’ 

enzymes is possible but was not addressed so far. Namely the KR (ApeQ) the DH (ApeI:P) 

the KS(:CLF) (ApeO:C, ApeR), the AasS (ApeH) and the glycosyltransferase ApeJ may play 

a further role in multienzyme complex formation (Figure 37).  

It should be noted that no interaction was observed in pull-down analysis with the KS ApeR 

and the KS:CLF complex ApeO:C (see 7.1). The highly flexible ACP:TE-complexes are 
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intended to scaffold a megaenzyme complex (Figure 39). To date, the only structurally 

described tight ACP-interactions in type II systems are complex-formations between 

ACP:FabZ and ACP:PPTase from FAS II.[119,193] As it was stated in the introduction, all other 

complexes which were structurally confirmed, were cross-linked.[65] Very recently, an 

ACP:kinase-complex from Pseudomonas aeruginosa, involved in LPS biosynthesis, was 

structurally confirmed.[194] The kinase WaaP alone was insoluble unless the acyl-ACP was 

present. Thus, the authors proposed that the kinase WaaP gets stabilized with the acyl-ACP 

upon protein-interaction. Such an effect was also observed in the APE system, where the APE-

ACPs tend to be more soluble upon co-expression with their TE (ApeK) interaction partner 

(unpublished data). In a tandem pulldown-analysis approach,[195] with tagged E. coli AcpP, in 

combination with tagged marker proteins, a targeted interaction network with the E. coli 

proteome was discovered in another work. Due to the high sensitivity of nano-LC analyses, 

this approach allowed the detection of less tight interactions (in comparison to the tight 

complexes described in this work) and might be further applied to extend the knowledge about 

the APE-lipid synthase protein network. 

However, during this work, the detection of these more transient interactions with the ACPs 

using native-MS methods was tried. Unpublished data (native ESI-MS measurements: 

Kudratullah Karimi, Morgner group) suggest an interaction of both ACPs (ApeE/F) with the 

AasS (ApeH), with slightly better interaction for ApeE:AasS, mainly formed between the 

monomeric proteins. This is in accordance with the hypothesis of the AasS being responsible 

for both precursor loading reactions: ApeE for loading with 4HBA/para-aminobenzoyl moiety 

and ApeF with β-hydroxy- or α,β-dehydrated alkyl moiety. It may be the case that the acylation 

state of the ACP may have an impact on the AasS/ACP interaction. This effect was recently 

faced with different NMR solution structures of acyl AcpPs[196], but the effect of acylation still 

remained poorly understood. A postulated schematic overview of an interaction network of the 

enzymes from the APE BGC is depicted below (Figure 39). Although the multimeric forms of 

the several hetero-complexes and stand-alone enzymes have been addressed in this work, 

the following scheme represents an oversimplified interaction network, which is intended to 

give an overview of the discussed data and may vary under physiological conditions.  
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Figure 39. Proposed interaction network of APE-lipid synthase. Genes are color-coded according to the 
corresponding protein function, depicted throughout this work. Possible membrane domains were 
predicted using THHM-online-tool. The oligomerization grade of ApeB/J/L/N/A/M/D/G is unknown. The 
remaining proteins were analyzed throughout this work. In addition to the structurally solved complexes 
and the preliminary interaction data of ACP:TE, this scheme should provide a simplified overview of only 
one possible interaction network. Assuming a round-shaped structure for all proteins, protein sizes were 
relatively adapted according to their molecular weight. 

For type II systems in general and throughout this work, ACPs play the central role regarding 

protein-protein and protein-substrate interactions.[65] When compared with the enzyme domain 
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distribution in FAS I (or HR-PKS I) (compare Figure 12), it can be speculated whether the KS, 

the DH and KR enzymes are candidates for building the center of a multienzyme complex 

(Figure 39). To this end, it is proposed to perform protein pull-down analysis with KR (ApeR), 

DH (ApeI:ApeP) and additionally, with the bifunctional glycosyltransferase (ApeJ), as this 

enzyme is postulated to connect products of the APE- and conjugated-FA biosynthesis.  

Notably, in FAS I systems, the KS domain plays a central role for dimerization of the 

homodimeric FAS I (HR-PKS) synthase (compare Figure 12).[93] In the APE-lipid system, both 

KS form dimers (ApeO:C: heterodimer, ApeR: homodimer) but do not show any interaction 

with each other under the used conditions (7.1). According to the postulated biosynthesis of 

the APE-lipid, it is hypothesized that both KS, ApeO:ApeC and ApeR are responsible for the 

biosynthesis of either the APE- or the conjugated-FA-part (Figure 37). It can be speculated 

whether the multienzyme complex of the APE-lipid synthase is formed to mimic the 

multifunctional enzyme complex in FAS I systems (Figure 39, compare Figure 12) but with 

respects to the protein arrangement (no covalent linkage between the enzymes), the APE-lipid 

synthase might be more flexible.  

It might be helpful to perform crosslinking proteomics, to catch a possible more non-covalent 

protein-protein interaction network. A method, also known as ‘chemical cross-linking coupled 

with mass spectrometry (CX-MS) allows the covalent linkage of proteins close to each other, 

while the protein-interaction regions can be defined after tryptic digestion and MS-based 

protein sequencing.[197–200]  

It is possible that the flexibility of the APE-lipid synthase is necessary for producing either the 

APE- or the conjugated-FA-part (Figure 37). As known from FAS I systems, the product 

spectrum is stringent to saturated C14-C18 fatty acids[74], in contrast to the broader product 

spectrum of FAS II systems (compare 6.2.2).[70] 

The concept of the formation of a large multienzyme complex would support the notion of a 

substrate channeling between the active sites, increasing the catalytic efficiency as a whole in 

the formed ‘reaction chambers’.[201] In type II FAS systems, the lack of this reaction chambers 

is thought to be balanced with higher copy numbers of the individual enzymes.[75]  

Nevertheless, a full imitation of type I systems with a protein architecture forming reaction 

chambers, compared to type I systems, may be hard to envision for the APE-lipid synthase. 

Generally, type II enzymes have active sites located at the bottom of narrow tunnels, with no 

opportunity for the Ppant arm to swing between them.[201] It is therefore speculated that the 

APE-lipid synthase forms an ‘intermediate synthase’, a mixture of type I and type II systems’ 

behavior.  
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Preliminary results of the holo-ApeF:ApeK-complex (unpublished data Maximilian 

Schmalhofer, Groll group) indicate a partially buried Ppant arm, being more exposed to the 

protein surface cave of the TE, rather than being protected in a hydrophobic pocket. These 

findings indicate a multienzyme complex formation and sequestering mechanism that may 

connect features from FAS I/PKSI, PKS II and FAS II systems (compare 6.2) and will be 

discussed in more detail under 9.6.  

It is likely that an ‘intermediate synthase’ is formed due to the accommodation of the long acyl-

cargo (Figure 35). In FAS II biosynthesis, an acyl-cargo with a chain-length of up to 10 carbons 

may be stabilized by the hydrophobic pocket of the ACP, and longer chain-lengths are known 

for being more susceptible to hydrolysis.[196] While the APE moiety reaches carbon length of 

up to 18 carbons, the conjugated-FA reaches very-long acyl-chains of up to 26 carbons in 

length, being likely too long to get carried within a hydrophobic pocket of the ACP. A different 

type of interaction network, compared to the ‘typical’ interactions from type II, was discovered 

in the FAS II system from Mycobacterium tuberculosis.[202,203] As already presented, this 

system is involved in producing the very-long-chain mycolic acids.[73] The authors used a yeast-

two/three-hybrid system[202] to detect their protein interaction network. As a result, they 

described a change of the protein interaction-partners upon different stages of the 

biosynthesis, which may be a conceivable scenario for proteins of the APE-lipid synthase, too. 
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9.5 Special Features in IPS Biosynthesis 

Being in clinical trials to work as a topical cream against psoriasis and mainly known by the 

name ‘benvitimod’,[136] IPS and its stilbene derivatives are of special interest for natural product 

research.[133] Stilbenes are a typical product of plant PKS III systems as a result of iterative 

elongation of cinnamoyl-derivatives with subsequent cyclization and aromatization.[67,68] 

However, IPS is the only described bacterial stilbene product so far and is synthesized by a 

special PKS II system from Photorhabdus to synthesize the characteristic iso-branch.[132,137,151] 

This iso-branch is derived from an alternative biosynthetic pathway through the condensation 

reaction of an iso-branched β-ketoacyl thioester, which is, in turn, synthesized from the BKD-

pathway.[151] This iso-branched precursor gets further cyclized with an elongated, reduced and 

dehydrated cinnamoyl-precursor, which serves as Michael acceptor, being necessary for 

subsequent reactions. Apart from the initial reaction step, which is carried out by the ammonia 

lyase StlA and results in the formation of cinnamic acid,[132] the subsequent steps to synthesize 

the Michael acceptor remained obscure. Even though the deletion of the biosynthetically 

downstream enzyme StlB, which is annotated as a CoA-ligase, leads to the accumulation of 

cinnamic acid.[132] Thus, it was believed so far that StlB synthesizes cinnamoyl-CoA, which is 

used as a precursor for further reactions.[132] 

9.5.1 Unraveling the Missing Steps in Biosynthesis of IPS 

Having in mind a targeted engineering strategy to produce desired stilbene derivatives, StlB 

was characterized for it's in vitro-activity with different cinnamoyl-derivatives and fatty acid-

substrates (7.2). Surprisingly, StlB was more active for fatty acids than for cinnamic acid(-

derivative) substrates and in fact, only minor amounts of cinnamic acid were detectable as 

cinnamoyl-CoA through StlB conversion. Consequently, StlB was tested for AasS-activity, 

already observed for ApeH with its corresponding ACP in APE biosynthesis (7.1). Congruent 

to our postulations, StlB also exhibited AasS activity with its cognate ACP StlE (7.2). The 

downstream reactions with cinnamoyl-ACP starter were confirmed to take place with enzymes 

from the FAS II-pathway to result in one cycle of elongation, reduction and dehydration of 

cinnamoyl-ACP through the activity of the KAS III-type KS plFabH, the KR plFabG and the 

DHs plFabA or plFabZ. Resulting in the in vitro-synthesis of the Michael acceptor being 

required for the next reaction steps (Figure 22).[137,151] To obtain IPS, this product gets cyclized 

and aromatized by the unusual KS/cyclase StlD and the aromatase StlC with the iso-branched 

β-ketoacyl thioester from the BKD pathway.[137,151] Interestingly, within a pull-down analysis of 

the key enzymes StlCDE, a complex formation between the ACP and the cyclase/KS was 

observed (unpublished data Siyar Kavakli, Bode group). According to size determination with 

SEC, it was not distinguishable between an (ACP)2(KS)2 or an (ACP)(KS)2-complex. But due 

to a missing CLF-unit, a complex between a homodimeric KS[152] and two bound ACPs 
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((ACP)2(KS)2), as already described for the cross-linked FAS II-complexes with KS-enzymes 

and ACP, would represent the most likely case for complex formation. However, this needs to 

be confirmed with precise native-MS-methods as previously performed (see 7.1). Unpublished 

data (Siyar Kavakli, Bode group) from a pulldown analysis of tagged-StlE and P. laumondii-

lysate, indicates further interaction between StlE and the BKD-complex from primary 

metabolism. Controlled pulldown-analysis with the overproduced enzymes StlA, StlB, StlC, 

StlD and additionally BKD- and FAB-enzymes should be performed, to create an interaction 

network comparable to the APE-lipid biosynthesis network (Figure 39). Due to the preferred 

specificity of StlB for fatty acid substrates, it cannot be excluded that StlB interacts rather with 

the iso-branched- than with cinnamoyl-molecules, to create the ACP-bound precursor used for 

the cyclization reaction. An assay using StlB and the iso-branched substrate in competition 

with cinnamic acid would reveal the preferred reaction of StlB, by comparing the amount of the 

formed acyl-ACPs.  

 

plFabH as a KAS III enzyme is typically known for using acyl-CoA substrates instead of ACP-

bound ones[67]. During the in vitro-elongation of cinnamoyl-ACP to the β-ketoacyl intermediate 

an access of cinnamoyl-CoA substrate compared to cinnamoyl-ACP (1 mM cinnamoyl-CoA, 

50 µM cinnamoyl ACP) was used (7.2). The fact that the transfer reaction works with ACP-

bound substrates indirectly indicates the use of the ACP-bound product rather than the CoA-

intermediate as preferred plFabH substrate. However, a kinetic analysis must confirm whether 

the acyl-ACP represents truly the favored candidate for plFabH, compared to the respective 

acyl-CoA.  

9.5.2 Gatekeeper Enzymes StlB and plFabH 

Due to the assumption that E. coli can complement the highly similar homologs plFabH, 

plFabG and plFabA/Z, the heterologous production of stilbene derivatives failed so far and only 

the production of CHD and DAR intermediates were detectable.[151]  

As observed in our in vitro-data (7.2), ecFabH was identified as the reason for the failure in 

heterologous production due to its inability to elongate cinnamoyl-ACP. In general, KAS III 

enzymes are well described as ‘gatekeeper enzymes’ in their respective pathways,[30] 

predominantly in those involved in non-acetate starter loading of PKS II systems (compare 

6.2.3). 

 

Based on the in vitro-results, we have determined the minimal gene endowment for stilbene 

production and succeeded in generating stilbene products that originated from a Photorhabdus 

species in a heterologous host for the first time (7.2). Ethylstilbene was produced with 

heterologous expression of stl(b)CDE and plFabH under cinnamic acid supplementation. In 
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the absence of the AasS StlB, ethylstilbene was still produced but in only minor amounts. Thus, 

the StlB addition increases the amount of ethylstilbene. At the same time, it is indicated that 

E. coli might partially complement the activation from cinnamic acid to cinnamoyl-CoA, which 

may be alternatively (instead of cinnamoyl-ACP) used for IPS biosynthesis (Figure 22). With 

the addition of the BKD-enzymes, it was further possible to produce IPS (7.2). The introduction 

of the downstream KR plFabG resulted in a further increase of the IPS-production titer, which 

indicates an enhanced enzyme-substrate orchestration in the heterologous host with the 

homologous FAS II enzymes. These findings can be further used for engineered IPS-

production to produce different derivatives by targeted mutation analysis. It may be possible 

to mutate plFabH, to produce for example the iso-branched variant of resveratrol, which is in 

the discussion as a therapeutic agent,[204] by using para-coumaroyl-precursors instead of 

cinnamic acid ones. So far, this variant cannot be produced due to discrimination of the para-

hydroxy-substitution from both, StlB (see 7.2) and plFabH (unpublished data Siyar Kavakli, 

Bode group).  

 

For this purpose, crystal structures of the gatekeeper enzymes StlB and FabH would be 

advantageous. AMP-ligases, like StlB, have been proven difficult for crystallization 

attempts.[205] A promising candidate for crystallization studies would therefore represent 

plFabH. To get first insights into the binding pocket probabilities, even without a structure, a 

model using Phyre2 was created and compared with previously reported structures of FabH-

homologs that are known for the accommodation of different substrates (Figure 40).[65,85,206]   
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Figure 40. Proposed aa involved in binding pocket shape of modeled plFabH. Residues Phe87’, 
Leu191, Tyr193 and/or Ala205 may contribute to forming the binding pocket (colored in blurred magenta) 
of plFabH to accommodate the aromatic cinnamoyl moiety for condensation reaction. plFabH model 
was created using the online tool Phyre2 in intense mode. Pymol 2.3.2 was used for visualization of 
plFabH model, main chain is depicted in cartoon and aa side chains in stick representation (main chain: 
grey; aa side chain: magenta) in comparison to known structures of ecFabH (PDB 1EBL; aa side chain: 
cyan) accepting straight-chain substrates,[84] ZhuH (PDB 1MZJ; aa side chain: pale green) accepting 
iso-branched substrates[206] and mtFabH (PDB 1U6S; aa side chain: blue) accepting very-long straight-
chain substrates.[85] mtFabH is shown with its lauroyl-CoA ligand (stick representation: black). Active 
site aa residues Cys112, His244 and Asn274, are depicted in grey (a). Alignment of ecFabH and plFabH 
with a 73% sequence identity was performed with T-Coffee[207] and visualized with ESPript3.x.[208]. aa 
residues, proposed to be involved in diverged substrate binding of plFabH, are marked with an asterisk 
(b). 

Even though ecFabH and plFabH show a high sequence identity of 73% (Figure 40b), their 

substrate specificities are obviously different (7.2). This demonstrates that minor differences 

in the amino acid configuration may have an impact on the catalyzed reactions. The model of 

plFabH was compared with structures of ecFabH from FAS II,[84] accepting only C2-C4-straight 

chain acyl-CoAs, ZhuH from a type II PKS (involved in R1128 biosynthesis, see 6.2.3) 

accepting C2-C4-branched chain-substrates[206] and mtFabH accepting very-long C8-C20 
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substrates.[85] mtFabH was additionally depicted with its native lauroyl-CoA-substrate 

(Figure 40a).[85] Some gatekeeper residues are known for KAS III-enzymes for starter 

substrate selection.[65] A known gatekeeper residue is phenylalanine Phe87’ (from the second 

subunit)[65] in ecFabH and plFabH. This residue is substituted by a threonine (Thr96’) in ZhuH. 

The threonine suggests more flexibility for the iso-branched substrates in ZhuH.[206] In plFabH, 

the Phe87’-rotation is pointing away from the binding pocket, resulting in a wider pocket shape 

(Figure 40a), in contrast to Phe87’ in ecFabH pointing to the inside, which is supposed to 

discriminate iso-branched substrates.[209] In plFabH, at residue 193, a tyrosine (Tyr193) is 

located and might be involved in π-stacking interactions of the aromatic cinnamoyl-

substrate.[210] In contrast, ecFabH instead possesses an asparagine residue (Asn193) 

(Figure 40a).  

The Leu191-residue from ecFabH did not change in plFabH and may serve as a restriction for 

long-chain acyl-substrates. The corresponding residue Gln191 in mtFabH, in contrast, ensures 

a more open shaped binding pocket to accommodate the long lauroyl-CoA substrate. In ZhuH 

(iso-branched substrates), the respective residue is occupied with a methionine (Met200), 

instead. The gatekeeper Phe304 in ecFabH was suggested to be involved in shaping the 

pocket at the ‘entrance’.[65][209] Due to the fact, that in plFabH and ecFabH exhibit the same 

orientation of the Phe304, it is more likely that the phenylalanine mediates solvent and 

substrate sequestering, as it was described for the gating residue Phe400 in the elongation 

KS FabB/FabF (compare Figure 19).[120] 

However, also changes in unstructured regions might be considered for shaping the binding 

pocket. For example, the loop region close to the thiol of the CoA-substrate differs significantly 

between ecFabH and plFabH. The sequence of plFabH harbors a proline and proline-residues 

are well-known as helix-breaker.[211] It is possible that a change in this loop of plFabH provides 

more space, according to cinnamoyl-substrates. Additionally, the ecFabH Ala205 is replaced 

with Leu205 in plFabH and may contribute to more space of the binding pocket.  

Nevertheless, the in silico predicted diverged binding pocket of plFabH needs further 

experimental evidence. Mutagenesis studies of the involved aa, combined with structural data 

of plFabH will clarify the substrate binding of the bulky cinnamate in plFabH. 

9.6 Comparing ACPs from APE, IPS and AQ biosynthesis  

In the introduction, the present knowledge regarding protein-protein interaction in type II 

systems was described (6.3.2). The manuscripts and publications within this work enlarge the 

current knowledge with biochemical and structural information of the three PKS II systems from 

the entomopathogenic bacteria Xenorhabdus and Phothorabdus (predominantly, 7.1, 7.2, 7.4). 

Only minor experimental contributions were made for the manuscript under 7.4 (AQ system), 

but due to the high impact regarding the structure and biochemistry of PKS II systems, the 
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results of the investigations regarding the minimal PKS complex were considered for this 

discussion section.  

 

An ACP plays a central role during the chain-sequestering of the acyl-cargo and at the same 

time, as a platform for protein-protein interactions in FAS II and PKS II systems (7.1). In the 

sequence alignment shown below (Figure 41), ACP-candidates from five different organisms 

are represented for each PKS II system, including ApeF, ApeF from the APE-lipid synthase, 

StlE from the IPS synthase, AntF from the AQ synthase and AcpP from FAS II. Additionally, 

ACPs from typical type II PKS and two ACPs involved in FabH-priming are presented. 

According to literature,[29,60,110,111,212] the most likely localization for protein-protein recognition 

sites lays either in between helix and loop II and/or III (Figure 41). In Figure 41 the ‘hot spot 

areas’ for recognition of the AcpP with enzymes from primary metabolism[110] are presented 

and can be compared with interaction sites, obtained from the AQ-minimal complex data 

(ACP:KS:CLF, ACP:plMCAT from 7.4) (Figure 41, 1.-3.,4. primary metabolism).  

Additionally, important interaction sites for the KS FabH with AcpP from FAS II are depicted 

(Figure 41, 5. FabH). In manuscript from 7.2, a crucial cross-activity between plFabH from 

primary metabolism and the ACP StlE from specialized metabolism was presented. If 

comparing the essential interaction sites of the AcpP with the ones in StlE, it is obvious that 

they share high similarities and might be the reason for FabH recognition.  

None of the ACPs studied within this work harbors the specific tyrosine residue, typically 

present in ACPs for FabH recognition during non-acetate priming reactions in PKS II systems 

(Figure 41, 6. orthogonal ACP FabH, see also 6.2.3).[88] AQ-ACP (AntF) is primed with acetate 

through decarboxylation of malonate. IPS-ACP (StlE) and the APE-ACPs (ApeE, ApeF) are 

primed with an AasS enzyme with benzoyl and cinnamoyl-starter, respectively (see 7.1 and 

7.2).  

 

The AasS ApeH is highly specific to the APE-ACPs, as no acyl-product was built upon 

substitution with E. coli AcpP (unpublished data). Thus, both APE-ACP need to feature amino-

acid recognition sites, which are different to the residues found in AcpP. This is in contrast to 

the more flexible AasS-activity of StlB, accepting both, its cognate ACP StlE and AcpP, to 

produce the acyl-ACP, which implies a similarity in the recognition sites for StlB in StlE and 

AcpP. Again, the most likely section for these differences presents the recognition helix II.  
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Unpublished data from AntF (AQ biosynthesis) showed a self-malonylation in the presence of 

malonyl-CoA, in contrast to the APE-ACPs, where a self-malonylation was not observed (7.1). 

At first glance, the self-acylation reaction of an ACP makes an MCAT redundant. However, the 

reported induced fit-mechanism of manuscript 7.4 of the plMCAT to synthesize malonyl-ACP, 

ensures both, the specificity and efficacy of this reaction step and is in accordance with 

previously reported higher turnover rates for an MCAT-catalyzed malonylation compared to 

the self-malonylation.[213] 

In initial reports, the self-malonylation process was reported as a phenomenon occurring only 

in PKS II-type ACP.[214] However, analyses of Misra et al. with FAS II ACPs from 

Plasmodium falciparum and Brassica napus provided evidence that the catalytic self-acylation 

is intrinsic to the individual ACP and may be observed in type II FAS ACP, too.[213,215,216] The 

work of Misra et al. distinguished further, in the ability for self-acylation and the transfer activity 

(transfer of malonate from malonyl-ACP to a holo-ACP) and stated the aa involved in both 

processes. Hence, self-acylation was described to be dependent on acidic acid residues 

Glu/Asp in loop 1 (between helix I and II, see Figure 41, 8. self-acylation). E. coli AcpP was 

reported to fail in self-acylation but shows transferase activity. Transferase activity is mediated 

by an Arg/Lys-residue in loop III and the Arg/Gln residue at the start of helix IV. According to 

these assumptions, AntF and ApeE should be able to perform self-acylation, which is only valid 

for AntF. Transferase activity might be true for ApeE but was not yet tested. StlE from IPS 

biosynthesis does not harbor the typical aa, neither for self-acylation nor for transacylase 

activity. However, none of the reactions were investigated so far for StlE. 

Prior to performing in vitro-analyses with an ACP, initial studies should deal with the 

phosphopantheteinylation state after protein production in a heterologous host.  

Each organism has at least one PPTase, which is needed to activate ACPs involved in fatty 

acid biosynthesis; PPTases are also assigned as AcpS-type PPTases. There also exist Sfp-

type PPTases, which are involved in the activation of ACPs from specialized metabolism.[217]  

The heterologous production of the APE-ACPs in E. coli led to acylated ApeF and the holo-

form of ApeE. It is speculated that ApeE is not further modified by the heterologous production 

host due to its specific interaction with AasS, while ApeF may obtain its unknown modification 

from interaction with FAS enzymes (see postulated biosynthesis, scheme Figure 37). E. coli 

harbors three endogeneous PPTases, AcpS, EntD and AcpT.[218] AcpS is involved in activating 

ACPs from fatty acid biosynthesis, EntD in contrast, activates the ACP involved in siderophore 

(enterobactin) production. AcpT was reported to be highly specific for ACPs not found in the 

E. coli BL21 strain but in its ancestor.[218] The publication under 7.1 displayed that the gene 

cluster, which encodes for those ACPs, is retrospectively assigned as an APE BGC. Thus, 
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AcpT is orphaned in the BL21 strain, but phosphopantheteinylates the APE-ACPs, while an 

acpT-deletion mutant generated apo-ACPs exclusively (7.1). This specificity of AcpT may be 

explained by the substitution of the Leu-residue, downstream the conserved serine of the ACP 

(DSL) with an Ile in APE-ACPs (Figure 41, 7. PPTase). This residue and some adjacent aa 

were shown to be important for PPTase recognition.[29,111,212] In X. doucetiae, AcpT is not 

present but might be complemented by the promiscuous Sfp-type PPTase NgrA (xdv3_80277). 

In contrast, the production of AntF (AQ biosynthesis) requires its own PPTase during 

heterologous and homologous production. Here again, the Leu-residue is substituted with a 

threonine, which is proposed to present the ‘specificity point’ for the cognate PPTase AntB. 

The heterologous production of StlE (IPS biosynthesis) leads to a mixture of apo/holo-ACP. 

The deletion of neither acpT nor entD resulted in the complete production of apo-ACP 

(unpublished results), which implies an activation, caused by AcpS. However, the deletion of 

entD resulted in a reduced holo-ACP level. Due to the DSL-sequence, these observations are 

in tune with typical AcpS-activation ability.[217] 

In the introduction it was stated that different ‘transport mechanisms’ of the ACP-bound acyl-

cargo depending on the different PKS/FAS-types exist (Figure 15). While possessing highly 

effective reaction chambers, the acyl chain is proposed to be located at the outside of the ACP 

but sequestered in these chambers in type I systems. In contrast to type II FAS systems, where 

the acyl-chain is buried within a hydrophobic pocket and is only flipped out upon protein-protein 

interactions (chain-flipping mechanism) (compare 6.3.2). This again stands in contrast to the 

transport mechanism of the acyl-cargo in type II PKS. Here, the acyl-chain is only partly 

protected within the ACP. It is known that the chain-elongation takes place in the sequestered 

channel of the KS:CLF-dimer while the ACP changes position between the MCAT and the 

KS:CLF-dimer to reload and transfer malonate elongation units (compare Figure 17). After 

reaching the final length, the acyl-chain is transferred back onto the ACP, while the partial 

protection in the ‘surface cave’ (rather than a pocket) is proposed to be advantageous for 

effective reactions of the downstream enzymes (compare Figure 17).[65] In manuscript under 

7.4, for the first time, this translocation process of the ACP from a minimal PKS was observed 

in action in AQ biosynthesis. The procedures applied revealed important protein-protein-

interaction residues of the ACP:KS:CLF (AntF:AntD:AntE) and the ACP:MCAT (AntF:plMCAT) 

complex.  

One of the discoveries was the conserved Trp-residue of the ACP AntF, blocking the way for 

the ACP-bound acyl chain to move into a hydrophobic pocket (Figure 41, 9. chain 

sequestering), in the sequence of AcpP this position is substituted with an Ile, the same for 

StlE (IPS) while ApeE and ApeF possess Met- and Val-residues, respectively.  
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Preliminary structural results from the ApeF:ApeK-complex (ACP:TE) indicates an acyl-chain 

which is located at the outside of the ACP, turning towards a ‘surface cavity’ of the TE 

(unpublished data: Max Schmalhofer, Groll group). This result would be in accordance with the 

‘surface cavity’ described for PKS II systems (Figure 15) and at the same time did not agree 

with FAS II-like behavior (compare 6.2.2.2). 
In the preliminary structure, the Ile is not responsible for the surface representation but rather 

a Phe residue, which is pointing towards the direction of the hydrophobic pocket and may block 

the entrance, comparable to the Trp-residue of AntF (Figure 41, 9. chain sequestering). 

Recently, a GXDS-motif of the ACP was described to have an influence in chain-sequestering 

(Figure 41, 9. chain sequestering).[219] Hereby, X is represented by more bulky residues in type 

I ACPs (acyl-chain not sequestered) but alanine residues in type II FAS-like ACPs (acyl-chain 

sequestered in hydrophobic pocket). At the same time, the equivalent of the Phe residue of 

ApeE is described with the same criteria, bulky residues are present in ACPs from type I and 

Ala-residues in type II FAS ACPs. Thus, this theory is in accordance with our preliminary 

results, with the bulky Phe blocking the hydrophobic pocket. Furthermore, both APE-ACPs 

possess Leu-residues in the X-position of the GXDS-motif, AntF a Met and StlE an Ala. Hence, 

chain-sequestering in a hydrophobic pocket for StlE may be an option, as the second aa, 

substituting the Phe of ApeF, displays an Ala, too (Figure 41, 9. chain sequestering).  

Due to the fact, that no minimal complex is built between the ACPs from the APE system and 

because of the fatty-acid-like elongation mechanism (7.1), it is postulated that the APE-lipid 

synthase behaves not like a PKS II according to chain-sequestering.  

As we proposed in 7.1, the ACP:TE (ApeK) might act as a platform for protein-protein 

interactions. This protein-architecture may lead to a different kind of ‘chain-flipping’ than known 

so far, which may start from the TE-platform upon protein-protein interactions.  

This transport mechanism may be formed due to accommodation of the long acyl-side chains 

and the use of benzoic acid starter units (compare Figure 37). AcpM as an example, the ACP 

involved in the biosynthesis of the previously described very-long-chain mycolic acids from 

Mycobacterium tuberculosis, with chain-length ranging from C70-C90,[73] shares high similarities 

to AcpP but harbors a characteristic C-terminal extension which is suggested to interact with 

the unusual long substrates.[220] Neither ApeE nor ApeF possess such a C-terminal extension 

(Figure 41) for the C26 substrates from APE-lipid biosynthesis (compare Figure 37).  
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10 Conclusion  

This work deals with different PKS II systems from Gram-negative bacteria and provides not 

only interesting insights into the protein but also on the created product level. Remarkably, in 

all PKS II systems, APE (7.1 and 8), IPS (7.2) and AQ (7.3, 7.4 and 7.5)), the interaction with 

the primary metabolism is required. Thus, the boundaries between primary and 

secondary/specialized metabolism are flexible but are well-controlled by the respective 

biosynthesis machinery. 

In section 7.3, it has been shown that small molecules, like cinnamic acid, may have a 

regulatory effect on the biosynthesis of AQ. This effort gives only a small idea of the complexity 

of the regulation of the various biosynthetic pathways, which can be based on antagonistic or 

synergetic effects of natural products,[221] regardless of whether they originate from primary or 

specialized metabolism. 

In IPS biosynthesis, it has already been shown that primary metabolism is required to 

synthesize the iso-branched β-ketoacyl intermediate from the BKD pathway, which in turn is 

cyclized to the IPS with a second intermediate serving as Michael acceptor.[132,151,152] This work 

revealed that enzymes from FAS II biosynthesis enable the synthesis of this Michael acceptor 

(see 7.2), which has been proven through in vitro-reconstitution. 

An interesting finding arises during investigations of the postulated CoA-ligase StlB. So far, it 

was assumed that cinnamic acid is activated by StlB to the acyl-CoA thioester.[132] However, 

our analyses demonstrated that StlB acts as AasS and is able to load the acyl residue of 

adenylated cinnamic acid directly onto the ACP. This result represents an essential finding for 

the completion of the IPS biosynthesis scheme. StlB, as an AasS enzyme, displays one of in 

total two AasS enzymes discovered and biochemically characterized within this study. AasS 

enzymes typically occur in FAS systems in order to transfer palmitate to an ACP for lipid 

biosynthesis [222,223] but have recently been of great interest for loading ACPs, by using them 

as biochemical tools. It is useful to note that the substrate specificities can vary depending on 

the origin host organism so that even bulky substrates may be accepted.[224,225] AasS, in 

general, have a flexible substrate spectrum, but so far, no activation of α,β-unsaturated 

substrates were presented[224,225], as it was demonstrated for StlB. 

The discovery of StlB as an AasS enzyme postulated that the cinnamic acid precursor 

molecule is not used as CoA but rather as ACP-bound intermediate by the downstream 

ketosynthase FabH of P. laumondii. It was further demonstrated that FabH from P. laumondii 

is mandatory for the elongation reaction and cannot be replaced by the E. coli homolog. A 

model protein structure of plFabH was created to identify possible aa involved in the formation 

of the altered binding pocket.  
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So far, no stilbene products using ACP, ARO and KS/CYC (StlCDE) with cinnamic acid 

supplementation have been produced in the heterologous E. coli host.[132] With the gained 

knowledge, heterologous ethyl stilbene production was realized for the first time, by adding 

plFabH and the AasS enzyme StlB during heterologous production in E. coli (7.2). 

Furthermore, the production of IPS with the addition of the BKD enzymes was achieved. These 

studies may form a promising basis for controlled engineering strategies in the production of 

novel stilbene derivatives.  

Novel findings within the underexplored APE biosynthesis protein machineries and the 

corresponding compounds were obtained from the analyses conducted within this work (7.1 

and 8). The biosynthesis of the APE part was investigated and successfully reconstituted in 

vitro by the interaction of nine proteins and takes place in a FAS II-like reaction manner (7.1). 

Among these enzymes, the second AasS, ApeH, was discovered in addition to StlB (AasS, 

IPS biosynthesis) described above. In contrast to the hitherto described promiscuous activity 

of AasS enzymes against ACPs, this enzyme showed a highly specific activity against APE-

ACPs but is able to use a variety of benzoyl-derivatives as substrates. 

 

The exact role of both KS, one which forms a heterodimer complex with a CLF (ApeO:ApeC), 

and the second KS (ApeR), which forms a homodimer was not unambiguously assigned under 

(7.1). Nevertheless, it was demonstrated that different lengths of APE products were created 

by the addition of different KS in an in vitro setup with the remaining enzymes. These 

observations were of particular interest with respect to the investigations at the level of the 

APE compounds produced in X. doucetiae. APE compounds were originally presented as 

small molecules. However, the analyses within this thesis showed a further processing of the 

APE molecules to an APE-lipid-like structure (section 8). Due to the conserved ‘lipid-genes’ 

within the APE BGC, it is assumed that APE molecules are generally part of APE- lipids rather 

than the so far presented APE-alkyl esters. It is assumed that the structure of the APE-alkyl 

esters APEVf, APEEc or xanthomonadine, as representative examples of this compound class, 

resulted from an artefact of the extraction process. It was revealed that the APE-lipid in 

X. doucetiae, in addition to the APE moiety, consists of an unusual conjugated-FA moiety, a 

sugar moiety and a postulated glycerol backbone with a phosphoethanolamine head group. 

The combination of in vitro and in vivo studies of the APE compounds, let us speculate that 

the different KSs are associated with different synthesis reactions. It is assumed that the 

KS:CLF complex ApeO:ApeC is used to produce the APE portion and the homodimeric KS 

ApeR, in contrast, to produce the unusual conjugated-FA. This hypothesis can be further 

transferred to the two ACPs. One ACP might be used for the synthesis of the APE part, while 
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the other ACP will be involved in the biosynthesis of the conjugated-FA. Although the APE-

lipid could not be purified as a whole, the structural elements, in combination with deletion 

studies, allowed us to propose the order of the biosynthesis and led us to a biosynthesis 

scheme for the APE-lipid. It is assumed that, in addition to the APE machinery, an interaction 

with a FAS machinery takes place in order to link a saturated FA side chain. It was clearly 

established that the trans-double bonds of the unusually conjugated-FA are synthesized by 

the APE machinery.  

Based on this work, it is assumed that the glycosyltransferase ApeJ plays a crucial role in 

connecting the APE part with the remaining building blocks, in order to obtain the APE-lipid. 

The postulated biosynthesis scheme led us to the hypothesis of a highly flexible APE-lipid 

biosynthesis machinery (Figure 37). 

Further investigations should address a general rule of product formation in the different APE 

families. It should be touched upon whether the conjugated-FA is a typical structural element 

of the APE subfamily 1 (and possibly APE subfamily 2), whereas, in the case of the APE 

subfamily 3, DARs are rather bound to the APE units, as is the case with flexirubin, as an 

example. The analytics established in this thesis for the detection of APE (-related) compounds 

offer access to a simple screening for such a classification.  

 

Taken together, these results represent an exciting approach for natural product research, as 

the APE BGC is widespread within proteobacteria and future research may focus on further 

investigations of the biosynthesis of the conjugated-FA and the linkage of a glycerol backbone 

with the APE part. 

Due to the presented structure of the APE-lipid, the exclusive activity as an antioxidant is 

questioned. It is speculated that APE-lipids may be responsible for enhancing the rigidity of 

the bacterial outer cell membrane, to protect the organism against cationic antimicrobial 

peptides or, similar to phenolic glycolipids, they might act as virulence factors by covering the 

cell membrane with the sugar moieties.[169,188] However, the exact physiological role remains 

elusive.  

In this work, several protein pull-down analyses have been successfully performed to 

investigate possible protein-protein interactions of the different PKS II systems (7.1, 7.2 and 

7.4). Thus, not only the well-known KS:CLF (ApeO:ApeC) complex was discovered in the APE 

system, but also the unexpected DH heterodimer complex (ApeI:ApeP), as well as the unusual 

heterooctameric ACP:TE complex (ApeE:ApeK and ApeF:ApeK). This resulted in two X-ray 

structures and promising structural data for the ACP-TE complexes through the work of the 

Groll group. The ACP:TE complex is proposed to play a role in scaffolding the suggested APE-

lipid multienzyme complex. The KS:CLF complex from APE biosynthesis is one of three 
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KS:CLF complexes that have been structurally characterized so far. Another complex is 

represented by the KS:CLF complex AntD:AntE from AQ biosynthesis. Initial investigations in 

the IPS system also led to the detection of protein-protein interactions. It was discovered that 

the special KS/CYC StlD forms a complex with the ACP. Further complex formations in this 

rather untypical type II system are offering an interesting subject for future studies. 

These results go hand in hand with the X-ray structures from the Groll group, which show the 

first minimal PKS by elucidating the protein structure of an ACP:KS:CLF (AntF:AntD:AntE) and 

an ACP:MCAT (AntF:plMCAT) complex. These investigations represent rare examples of tight 

interactions within PKS II systems, or generally of those from type II systems. Only three 

examples have been structurally addressed so far: a KS:CLF complex from actinorhodin 

synthase[61] from a PKS II system and a heterododecameric DH:ACP complex (AcpP:FabZ)[121] 

as well as an ACP:PPTase complex (AcpP:AcpS)[193], both from a FAS II systems. Within this 

work, not only the strong potential of pull-down analyses within type II systems or more 

generally in the search for potential protein- interaction partners is described, but also the key 

role of ACPs in the center of type II systems is strengthened.[65]  

With the herein conducted studies it can be concluded that protein partners do not necessarily 

have to be in genetic proximity.  

With the gained biochemical and structural insights presented within this work an overall 

comparison of the different ACPs (APE, IPS, AQ) from type II PKS and FAS systems on the 

aa-sequence level was possible. We postulate that the transport mechanism for the acyl-cargo 

in the APE-system might vary from the typical sequestering mechanism of type II PKS or FAS 

systems (compare Figure 15) and may be further analyzed with targeted mutagenesis of aa 

proposed to be involved in this process.  

Future investigations should try to solve the riddle of a possible multienzyme complex by 

including the native substrates. Furthermore, CX-MS-based proteomics might be useful to 

complement the data of X-ray crystallography and native MS measurements by catching all 

the interacting proteins.[197–200] Analyses with proteins from other PKS II systems may reveal 

how outstanding the examples within this work are, or how well they fit into a general model.  

 

Finally, this work represents an in-depth analysis of three different PKS II systems and 

elegantly leads from the protein to the product level of the different synthases and opens up 

new possibilities for natural product research. Through a better understanding of biosynthetic 

machines, we are approaching rational design for the development of novel PKS(II)-based 

compounds that can be used as therapeutics.  
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12.2 Manuscript: Biosynthesis of the Multifunctional Isopropylstilbene in 
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12.6 Supplemental information: Tracing the Full-length APE 

 
Figure S1. Network analysis of APEXd- and conjugated-FA methyl esters. Samples from size exclusion 
chromatography fractions were analyzed through HPLC-UV/MS. The resulting data were subjected to 
the GNPS-platform[160] to create an MS2-based network. Samples were grouped manually according to 
their APE- and conjugated-FA- characteristic absorbance (8.1) in HPLC-UV/MS-analysis: F70-118 = 
APEXd-methyl ester, yellow; F17-33 = conjugated-FA methyl ester, turquoise; F1-16 = control fractions 
(without obvious absorbance of APEXd- or conjugated-FA-methyl ester), grey. Nodes are marked with 
the parent mass; the size of the node corresponds to the respective intensity of the parent mass in MS1. 
Edges are marked with the delta Da between two MS1-values; the edge thickness is cosine dependent. 
See also 8.2 for further MS- and HPLC-UV analysis.  
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Table S1. Assigned APEXd- and conjugated-FA-methyl ester. *If two signals appeared during HPLC-
UV/MS analysis, the stronger signal is marked in bold here. For corresponding network analysis and 
survey view data of the selected analysis, see Figure S1 and Figure 30. 

compound sum formula 
[M] 

theoretical mass 
[m/z] 

detected mass 
[m/z] 

Δppm Rt 

 hydroxy-APEXd-methyl ester  
6xEN 0xMet C20H20O3 309.1485 309.1491 2 12.3 
6xEN 1xMet C21H22O3 323.1642 323.1651 3 11.73, 12.65* 
6xEN 2xMet C22H24O3 337.1798 337.1798 0 13.10 
7xEN 0xMet C22H22O3 335.1642 335.1638 1 13.15, 14.86* 
7xEN 2xMet C24H26O3 363.1915 363.1942 4 13.8 

 amino-APEXd-methyl ester  
5xEN 0xMet C18H19NO2 282.1489 282.1481 3 9.67 
5xEN 1xMet C19H21NO2 296.1645 296.1645 0 11.38 
5xEN 2xMet C20H23NO2 310.1802 310.1803 0 11.94 
6xEN 0xMet C20H21NO2 308.1652 308.1645 2 10.59, 11.29* 
6xEN 1xMet C21H23NO2 322.1802 322.1802 0 12.65 
6xEN 2xMet C22H25NO2 336.1960 336.1960 1 12.73 

 conjugated-FA  
373 C25H40O2 373.3101 373.3082 5 15.25 
385 C26H40O2 385.3101 385.3080 5 15.35 
399 C27H42O2 399.3258 399.3237 5 15.46 
413 C28H44O2 413.3414 413.3393 5 15.87 
427 C29H46O2 427.3571 427.3548 5 16.19 
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Figure S2. 1H NMR (500 MHz) spectrum for conjugated-FA 399 in methanol-d4. 

 

Figure S3. HSQC (500 MHz) spectrum for conjugated-FA 399 in methanol-d4. 
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Figure S4. HMBC (500 MHz) spectrum for conjugated-FA 399 in methanol-d4. 

 

Figure S5. 1H-1H COSY (500 MHz) spectrum for conjugated-FA 399 in methanol-d4. 
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Figure S6. 2D NMR correlations of conjugated-FA 399. 

 

Table S2. 1H (500 MHz) and 13C NMR data assignments for conjugated-FA 399 in methanol-d4. 

No. δH (mult., J) δC 

1 3.66 (s) 51.0, CH3 

2 - 171.6, C 

3 2.54 (dq, 14.8, 6.7) 42.6, CH2 

4 4.59 (m) 68.4, CH 

5 6.33 (overlapped) 132-133, CH 

6 6.33 (overlapped) 132-133, CH 

7 6.33 (overlapped) 132-133, CH 

8 6.33 (overlapped) 132-133, CH 

9 6.33 (overlapped) 132-133, CH 

10 6.33 (overlapped) 132-133, CH 

11 5.85 (brdd, 15.0, 5.6) 136.5, CH 

12 5.81 (brdd, 14.8, 7.3) 135.8, CH 

13 6.33 (overlapped) 132-133, CH 

14 6.19 (dd, 14.8, 10.2) 132-133, CH 

15 2.14 (dd, 13.9, 6.8) 32.7, CH2 

16 1.41 (m) 29-30, CH2 

17 1.30 (overlapped) 29-30, CH2 

18 1.30 (overlapped) 29-30, CH2 

19 1.30 (overlapped) 29-30, CH2 

20 1.30 (overlapped) 29-30, CH2 

21 1.30 (overlapped) 29-30, CH2 

22 1.30 (overlapped) 29-30, CH2 

23 1.30 (overlapped) 29-30, CH2 

24 1.30 (overlapped) 29-30, CH2 

25 1.30 (overlapped) 29-30, CH2 

26 1.30 (overlapped) 29-30, CH2 

27 0.89 (t, 6.7) 14.1, CH3 

4-OH 5.19 (d, 4.4) - 
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Figure S7. HPLC-UV/MS data of observed lipid-impurities.  
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Figure S8. HPLC-UV/MS time course analysis (survey view) of the production of APEXd-methyl esters 
of the APE-producer. 
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