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Abstract  

Natural products have played important roles in the history of drug discovery. Many natural 

products and/or their derivatives are used clinically, for example as antibacterial, antifungal, 

anticancer, antiparasitic and immunosuppressive agents. In microbes, these natural products are 

usually encoded by genes clustered on the genome, termed biosynthetic gene clusters (BGCs). 

Among these BGCs, polyketide synthase (PKS) and non-ribosomal peptide synthetase (NRPS) 

gene clusters are of great importance and are responsible for the production of polyketides and non-

ribosomal peptides, respectively. Streptomyces is the largest genus of Actinobacteria and it is 

characterized by a complex secondary metabolism, which produced numerous clinically important 

drugs, especially antibiotics. Recent advances in genome sequencing and bioinformatic analysis 

have revealed that the genomes of Streptomyces contain substantially more potential BGCs than 

compounds that have been identified, leaving Streptomyces as underexplored reservoir for natural 

products discovery.  

In the first study within this thesis, we isolated cycloheptamycins A and B from the culture broth 

of Streptomyces sp. Tü6314, which is a terrestrial strain isolated from a soil sample from Egerpatak, 

Ardeal, Romania in 2001. Cycloheptamycin A was first reported in the 1970s as an antibiotic and 

its structure was examined by mass spectrometry at that time. In our study, we thoroughly validated 

its structure based on NMR and mass spectrometric analysis, and for the first time elucidated its 

stereostructure by combining peptide hydrolysis and amino acid analysis with X-ray crystal 

structure determination. The structure of cycloheptamycin B was assigned using comparative 

MS/MS experiments and NMR analysis. Our study showed that the cycloheptamycins have 

selective antibiotic activity against Propionibacterium acnes and have no cytotoxicity, highlighting 

their potential as selectively anti-infective drugs or drug leads. 

In the second study, we sequenced the genome of Streptomyces sp. Tü6314 and identified a 

cryptic type II PKS gene cluster (the skt cluster) by bioinformatic analysis. This cluster was directly 

cloned using the Streptomyces site-specific integration vector pSET152 by the linear plus linear 

homologous recombination-mediated recombineering (LLHR), followed by its heterologous 

expression in Streptomyces coelicolor M1152 and M1154. This allowed us to isolate six 

polyketides from the fermentation broth of the heterologous host strain, of which three are known 

and three are new compounds, with the latter named streptoketides. Our study also showed that 

four of the six compounds have anti-HIV activities. 

In the third study, we identified the BGC encoding the cycloheptamycins by bioinformatic 

analysis from the genome of Streptomyces sp. Tü6314. This BGC was confirmed by gene deletion, 

direct cloning and heterologous expression in Streptomyces coelicolor M1152 and M1154. The 

cluster was then engineered by gene disruption and two more cycloheptamycin analogs 
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(cycloheptamycin C and D) were isolated from the engineered strains. Besides, in vivo gene 

disruption and in vitro biochemistry showed that an isopropylmalate synthase homolog is involved 

in the biosynthesis of the norvaline building block, highlighting the evolvement of a specific 

enzyme for a specific reaction in nature. In addition, we also observed an unusual transformation 

of cycloheptamycin into a diketopiperazine containing linear depsipeptide during the fermentation 

or at high pH conditions. 

In summary, these studies have led to the production of 12 bioactive compounds (of which 8 are 

new) from either the Streptomyces sp. Tü6314 wild type strain or after gene cluster heterologous 

expression and engineering. These findings show that Streptomyces sp. Tü6314 is a rich producer 

of natural products and reveal new biosynthetic pathways and enzymatic transformations. All these 

studied lead us to a better understanding of the full biosynthetic potential of underexplored 

Streptomyces. 
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Zusammenfassung  

Naturstoffe spielen in der Geschichte der Arzneimittelentwicklung eine wichtige Rolle. Viele 

Naturstoffe und / oder deren Derivate werden klinisch eingesetzt, beispielsweise als antibakterielle, 

antimykotische, antitumorale, antiparasitäre und immunsuppressive Wirkstoffe. In Mikroben 

werden diese Verbindungen üblicherweise von Genen codiert, die im in Form von Clustern 

organisiert sind, den sogenannten Biosynthesegenclustern (BGCs). Unter diesen BGCs sind Cluster 

der Polyketidsynthasen (PKS) und der nicht-ribosomalen Peptidsynthetasen (NRPS) von großer 

Bedeutung und für die Produktion von Polyketiden bzw. nicht-ribosomalen Peptiden 

verantwortlich. Streptomyces ist die größte Gattung von Actinobakterien, die sich durch einen 

komplexen Sekundärstoffwechsel auszeichnet, der zahlreiche klinisch wichtige Medikamente, 

insbesondere Antibiotika, hervorbrachte. Jüngste Fortschritte bei der Genomsequenzierung und der 

bioinformatischen Analyse haben gezeigt, dass die Genome von Streptomyceten wesentlich mehr 

potenzielle BGCs enthalten als aus ihnen identifizierte Verbindungen vorliegen, so dass 

Streptomyceten als unerforschtes Reservoir für die Entdeckung von Naturstoffen bezeichnet 

werden können. 

In der ersten Studie dieser Arbeit haben wir Cycloheptamycin A und B aus der Kulturbrühe von 

Streptomyces sp. Tü6314 isoliert, ein terrestrischer Stamm, der 2001 aus einer Bodenprobe aus 

Egerpatak, Ardeal, Rumänien, gewonnen wurde. Cycloheptamycin A wurde erstmals in den 1970er 

Jahren als Antibiotikum beschrieben und seine Struktur zu diesem Zeitpunkt 

massenspektrometrisch untersucht. In unserer Studie haben wir die Struktur von Cycloheptamycin 

Aanhand von NMR- und massenspektrometrischen Analysen validiert und zum ersten Mal dessen 

Stereostruktur durch Kombination von Peptidhydrolyse und Aminosäureanalyse mit 

Röntgenkristallstrukturbestimmung aufgeklärt. Die Struktur von Cycloheptamycin B wurde unter 

Verwendung von vergleichenden MS/MS-Experimenten und NMR-Analysen zugeordnet. Unsere 

Studie hat gezeigt, dass die Cycloheptamycine eine selektive antibiotische Aktivität gegen 

Propionibacterium acnes aufweisen und dabei keine Zytotoxizität besitzen. Die hebt ihr Potenzial 

als mögliche antiinfektive Arzneimittel oder Leitstrukturen hervor. 

In der zweiten Studie sequenzierten wir das Genom von Streptomyces sp. Tü6314 und 

identifizierten durch bioinformatische Analyse den BGC, der die Cycloheptamycine codiert. Die 

Funktion dieses BGCs wurde durch Gendeletion, direkte Klonierung und heterologe Expression in 

Streptomyces coelicolor M1152 und M1154 bestätigt. Das Cluster wurde dann durch 

Gendeletionen gezielt verändert und so zwei weitere Cycloheptamycin-Analoga (Cycloheptamycin 

C und D) aus den konstruierten Mutanten isoliert. In-vivo-Gendeletion und in vitro biochemische 

Analysen zeigten, dass ein Isopropylmalatsynthase-Homolog an der Biosynthese des Norvalin-

Bausteins beteiligt ist, was die Entwicklung eines bestimmten Enzyms für eine bestimmte Reaktion 
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in der Natur zeigt. Darüber hinaus beobachteten wir während der Fermentation oder bei 

Bedingungen mit hohem pH auch eine ungewöhnliche Umwandlung von Cycloheptamycin in ein 

lineares Diketopiperazin, das ein lineares Depsipeptid enthält. 

In der dritten Studie identifizierten wir einen kryptischen Typ-II-PKS-Gencluster (skt) aus 

Streptomyces sp. Tü6314 durch bioinformatische Analyse. Dieses Cluster wurde direkt unter 

Verwendung des ortsspezifischen Streptomyces-Integrationsvektors pSET152 durch linear plus 

linear homologous recombination-mediated recombineering (LLHR) kloniert, gefolgt von seiner 

heterologen Expression in S. coelicolor M1152 und M1154. Dies ermöglichte es uns, sechs 

Polyketide aus der Fermentationsbrühe des heterologen Wirtsstamms zu isolieren, von denen drei 

bekannte und drei neue Verbindungen sind. Letztere bezeichneten wir als Streptoketide. Unsere 

Studie zeigte auch, dass vier der sechs Verbindungen Anti-HIV-Aktivitäten aufweisen. 

Zusammenfassend haben unsere Studien zur Produktion von 12 bioaktiven Verbindungen (von 

denen 8 neu sind) aus dem Wildtyp-Stamm Streptomyces sp. Tü6314 oder nach heterologer 

Gencluster-Expression und Veränaderung. Diese Befunde zeigen, dass Streptomyces sp. Tü6314 

ein reichhaltiger Produzent von Naturstoffen ist und enthüllt neue Biosynthesewege und 

enzymatische Transformationen. Alle diese Studien tragen dazu bei ein besseres Verständnis des 

gesamten Biosynthesepotenzials von Streptomyceten zu generieren.



1. Introduction 

1.1 Microbial Natural Products and Drug Discovery 

Natural products are small molecules produced from primary or secondary metabolism by living 

organisms such as plants, animals or microorganisms.1 They often possess complex structures and 

are characterized by a huge chemical diversity. Natural products have played highly significant 

roles in the drug discovery and development process over the last several decades.2 For example, 

the 2015 Nobel Prize in Physiology or Medicine was awarded to Youyou Tu for the discovery of 

the plant natural product artemisinin (1), and to William C. Campbell and Satoshi Omura for the 

discovery of the microbial natural product avermectins such as 2 (Figure 1). Artemisinin (1) is used 

as an efficient drug against malaria. A derivative of the avermectins, ivermectin, has radically 

lowered the incidence of onchocerciasis (river blindness) and lymphatic filariasis (elephantiasis).3 

  

Figure 1. Structures of the famous molecules of the 2015 Nobel Prize in Physiology or Medicine. 

Artemisinin (1) was isolated from Artemisia annua L. and avermectins, for example 2, were 

discovered from Streptomyces avermitilis.  

From all the natural product producers, microbes are noticeable for their ability to biosynthesize 

natural products with a diverse range of useful functions, e.g., antibiotics, anticancer agents, 

insecticides and immunosuppressants (Figure 2). One of the most important drugs ever discovered 

from microbial natural products is penicillin (3) isolated from Penicillium sp.4 The discovery of 3 

by Alexander Fleming in 1929 and its application starting in the 1940s opened the door for humans 

to utilize microbial natural products as antibiotics to fight against pathogenic microorganisms.4-5 

The use of penicillin (3) as an antibiotic ultimately changed the course of human civilization, saving 

hundreds of thousands of lives from infections that would have been fatal previously.5  

In the 1940s, the work of Selman Waksman initiated the systematic exploration of microbial 

sources for novel bioactive natural products, with the discovery of streptomycin (4) in 1943 as the 

culmination.6 This antibiotic was used as the first curative therapy for tuberculosis. The discovery 

of clinically important antibiotics from microbes greatly stimulated drug discovery, particularly of 
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antibiotics. The era from the 1940s to 1960s is regarded as the ‘Golden age’ of antibiotic discovery.7 

Many novel antibiotics from microbial sources were discovered during this period, including 

tetracycline (5, isolated from Streptomyces aureofaciens, 1945); chloramphenicol (6, isolated from 

Streptomyces venezulae, 1947); erythromycin (7, isolated from Streptomyces erythraea, 1949); 

vancomycin (8, isolated from Amycolatopsis orientalis, 1953); and rifamycin (9, isolated from 

Streptomyces mediterranei, 1957).8-9 In addition to these successful achievements in antibiotic 

discovery, anticancer agents were also developed from microbial natural products during this 

period, including actinomycins (isolated from Actinomyces antibioticus, 1940);10 mitomycin (10, 

isolated from Streptomyces caespitosus or Streptomyces lavendulae, 1956);11 daunorubicin (11, 

isolated from Streptomyces peucetius, 1964);12 and bleomycin (12, isolated from Streptomyces 

verticillus, 1966).13 Beyond that, clinically important immunosuppressive drugs were further 

developed from microbial natural products in the following decades, including rapamycin (13, 

isolated from Streptomyces hygroscopicus, 1975)14-15 and cyclosporin (14, isolated from 

Tolypocladium inflatum Gams, 1976)16 (Figure 2).  

Despite these successful stories in the middle of the 20th century, the late 20th century has seen a 

considerable decline in natural product drug discovery, especially by pharmaceutical companies.17 

One reason for this decline was the advances in both high throughput screening (HTS) and 

combinatorial synthesis.3, 17 The high rediscovery rate of known compounds in the natural product 

field and the low amount of molecules isolated from native producers have further led to the 

decreased application of small molecules from nature in drug discovery.18 Meanwhile, the 

emergence of multi-drug resistant human pathogens become more and more serious, revitalizing 

the importance of novel natural product discovery.2, 19-21  

Natural products can be classified into different families according to their chemical structures 

and biosynthetic origins. The major families of natural products include polyketides (PKs), non-

ribosomal peptides (NRPs), ribosomally synthesized and post-translationally modified peptides 

(RiPPs), isoprenoids, alkaloids, aminoglycosides and nucleosides.22 Within this thesis, modular 

biosynthetic systems of the PKS- and NRPS-type were studied, which will thus be introduced in 

the following chapters. 
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Figure 2. Selected antibiotics, anticancer agents and immunosuppressants from microbial sources isolated 

during the ‘Golden age’. Penicillin G (3), streptomycin (4), tetracycline (5), chloramphenicol (6), 

erythromycin (7), vancomycin (8), rifamycin B (9), mitomycin (10), daunorubicin (11), 

bleomycin (12), rapamycin (13), and cyclosporin (14). 



 

4 

 

1.2 Polyketides and Polyketide Synthases 

The polyketide natural products are a remarkable class of compounds that play important roles in 

drug development and discovery.23 The above-mentioned avermectins (2), tetracycline (5), 

erythromycin (7), rifamycin (9), daunorubicin (11) and rapamycin (13) are all polyketide type 

natural products. The polyketide skeletons are biosynthesized by core enzymes, the polyketide 

synthases (PKSs), by successive condensation of activated short carboxylic acid precursors (e.g., 

acetyl-CoA, malonyl-CoA, and methylmalonyl-CoA, Figure 3).24  

 

Figure 3. Generic scheme for the biosynthesis of polyketides from different precursors. The short 

carboxylic acids serve as precursors in activated CoA form. The bold bonds indicate the 

extension units derived from the building blocks. 

PKSs are composed of several catalytic domains, which usually include acyltransferase domains 

(ATs), ketosynthase domains (KSs), acyl carrier protein domains (ACPs), ketoreductase domains 

(KRs), dehydratase domains (DHs), and enoyl reductase domain (ERs). These domains can be 

stand-alone proteins or they can be integrated into a single giant protein (Figure 4A).25 Detailed 

domain functions will be discussed in the following chapter. Specially, ACPs are initially expressed 

as apo-ACP with a conserved active-site of serine residue. After translation, the ACPs need to be 

activated from apo-ACP to holo-ACP by phosphopantetheinyl transferases (PPTases). This 

activation leads to attachment of a phosphopantetheine (PPant) residue derived from coenzyme A 

(CoA) (15) onto the conserved serine residue (Figure 4B).26 After activation, the ACPs are able to 

accept the CoA-activated substrates as well as the elongated intermediates. 

PKSs are typically divided into three different types: type I, II, III PKSs, according to their 

enzyme architectures and molecular catalytic mechanisms.24, 27 
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Figure 4. (A) Scheme for canonical PKS domains and their organizations. (B) Scheme for the activation 

of PKS ACPs. The proteins are shown by green arrows. Domain abbreviations: ACP, acyl carrier 

protein; AT, acyltransferase; DH, dehydratase; ER, enoyltransferase; KR, β-ketoreductase; KS, 

β-acyl ACP synthase; TE, thioesterase. 

1.2.1 Type I PKSs  

Type I PKSs are multifunctional enzymes that can be divided into individual biosynthetic modules. 

A canonical module, which is responsible for the catalysis of one cycle of polyketide chain 

elongation, minimally consists of an AT domain, a KS domain and an ACP domain.24, 27 The 

modules can also include KR domains, DH domains, and ER domains within a so-called reductive 

loop that performs successive oxidative state adjustment by reduction. The AT domain of each 

module is specific for the recruitment of a CoA-activated short carboxylic acid precursor, 

transferring it to the downstream ACP. The ACPs incorporate the CoA-activated substrates as well 

as the elongated intermediates via covalent thioester bounds. The following KS domain takes over 

the polyketide chain from the previous module and catalyzes the decarboxylative Claisen 

condensation between the KS-bound polyketide chain and the ACP-bound elongation group, 

elongating the polyketide chain and leaving the chain bound to the ACP. Additionally, if a KR 

domain is present, the β-keto group will be reduced to a β-hydroxy group. An additional DH domain 

will eliminate the hydroxy group, resulting in an α-β-unsaturated alkene. An additional ER domain 

will reduce the α-β-double-bond to a single-bond. Type I PKS biosynthesis usually is terminated 

by a thioesterase domain (TE) that cleaves the final product off the biosynthetic enzyme by a 

hydrolysis or macrocyclization reaction (Figure 5).25, 28-30 All the modules and domains typically 

work stepwise, which is reminiscent of industrial assembly line processes, to ultimately form the 

polyketide products.31 Each module usually incorporates a single elongation building block, thus 

the number of modules and the individual domain organizations within the PKS enzymes can be 

directly translated to the structures of the final products. In this way, the order of modules usually 

corresponds to the sequence of the building blocks in the polyketide chain. This mechanism is often 
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referred to as the ‘co-linearity rule’.31 Complex post tailoring reactions can follow PKS product 

assembly and can be catalyzed by enzymes such as oxidoreductases, methyl or glycosyl 

transferases, halogenases, and deoxysugar biosynthetic enzymes to generate the final, fully 

functionalized polyketides. Polyketides derived of type I PKSs are usually macrolides, polyethers 

or polyenes, such as avermectins (2), erythromycin (7), and rifamycin (9).  

 

Figure 5. Generic scheme for type I PKS assembly: the loading module primes the PKS with the starter 

unit, followed by stepwise condensation and modification catalyzed by each module to form the 

polyketide chain bounded to the ACPs. The individual PKS proteins are indicated by green 

arrows. Each PKS protein consists of several modules which are delineated by solid black lines. 

1.2.1.1 Non-iterative type I PKSs 

Modular type I PKSs are among the most well studied PKS systems. Non-iterative modular type I 

PKSs use one module to incorporate one polyketide unit and the module is used only once in each 

round of polyketide assembly.25 The prototypical non-iterative modular type I PKS is represented 

by the 6-deoxyerythromycin B (16) synthases (DEBSs) for the biosynthesis of reduced polyketides 

(Figure 6).24, 27 The biosynthesis of 16 starts from loading of a propionyl-CoA unit by the loading 

module. Then the following module recruits one unit of methylmalonyl-CoA as elongation unit and 

fuses it to the former chain by decarboxylative Claisen condensation to afford a new polyketide 

chain. The KR, DH, ER domains in each module will control the reductive state of the polyketide 

chain. The chain elongation is performed on each module, finally furnishing the full-length 

polyketide chain bound to the last ACP. The terminal TE domain cleaves off the linear precursor 

and catalyzes macrolactone formation to afford 16.25, 28-29 After several tailoring modifications, the 

bioactive erythromycin (7) is biosynthesized.  
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Figure 6. Domain organization of the 6-deoxyerythronolide B (16) synthases (DEBSs) and the biosynthesis 

of erythromycin (7). DEBSs work stepwise to grow the polyketide chain attached to the ACP 

domains of each modules. The TE domain from the last module cleaves off the linear precursor 

after full modification by modular functions. The individual PKS proteins are indicated by green 

arrows. Each PKS protein consists of several modules which are delineated by solid black lines. 

1.2.1.2 Iterative type I PKSs 

Another kind of type I PKSs is the iterative type I PKSs (iPKSs), which use modules or individual 

domains more than once during biosynthesis of the encoded polyketide. iPKSs are commonly found 

in fungi. Fungal iPKSs are further classified into highly reducing (HR-), nonreducing (NR-) and 

partially reducing (PR-) PKSs, according to the degree of reduction within the polyketide chain 

(Figure 7A-C).32 HR-PKSs that contain a fully reducing modifying region are able to reduce the 

primary β-carbonyl condensation product to form a fully saturated carbon–carbon bond using KR, 

DH, and ER activities, as exemplified by the biosynthesis of the cholesterol lowering agent 

lovastatin (17), in which the iPKS LovB and a free-standing ER domain protein LovC work 

iteratively to build up a fully reduced polyketide chain (Figure 7A).32  In contrast to HR-PKSs, NR-

PKRs lack all reducing/modifying domains and directly use the primary polyketide chain, typically 

for cyclization reactions resulting in products with aromatic rings, as exemplified by the 

biosynthesis of the 6-methylsalicylic acid (18) (Figure 7B).32 The PR-PKSs will partially reduce 
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the polyketide chain during extension, as exemplified by the biosynthesis of the noranthrone (19) 

(Figure 7C).32 However, the degree of reduction can vary and the factors governing this variability 

are still largely unknown.32-33 

 

Figure 7. Examples of fungal iterative type I PKSs (iPKS) and their products.32 (A) HR-PKSs (highly 

reducing PKSs), exemplified by the lovastatin (17) pathway. (B) NR-PKSs (nonreducing PKSs), 

exemplified by the noranthrone (19) pathway. (C) PR-PKSs (partially reducing PKSs), 

exemplified by the 6-methylsalicylic acid (18) pathway. CMT, C-methyltransferase. The black 

colored ER domain in (A) is supposed to be inactive. The red colored fragment in 19 is derived 

from hexaonoic acid, a fatty acid precursor. 

Iterative type I PKSs are also found in bacteria. One type of bacterial iterative type I PKSs can 

produce aromatic polyketides, in a manner very similar to the fungal iPKSs (Figure 8A-C). These 

iterative type I PKSs have the characteristic modular type I PKS domains of KS, AT, DH and ACP. 

The DH domain was afterwards renamed to TH domain (thioester hydrolase), as it is not involved 

in dehydration of the β-hydroxyketide intermediate tethered on the acyl carrier protein, but instead 

catalyzes thioester hydrolysis to release the product from the ACP.34-35 AviM from the avilamycin 

biosynthetic pathway was the first reported bacterial iterative type I PKS (Figure 8A).36 

Heterologous expression of aviM in Streptomyces lividans TK24 and Streptomyces coelicolor 

CH999 led to the production of orsellinic acid (20), which is a structural element in avilamycin 

(21).36 Some bacterial iterative type I PKSs also carry a KR domain, which will reduce the 

polyketide chain to some degree and thus produce different compounds. It is interesting that even 

with very similar domain organizations and sequence homology, these PKSs may produce 

significant structural diversity. For example, the type I PKSs in the biosynthesis of chlorothricin 



 

9 

 

(23) via 22 and neocarzinostatin (25) via 24 have very similar structures, but their products are 

totally different (Figure 8B-C).35, 37-39 

 

 

Figure 8. Examples of bacterial iterative type I PKSs that produce aromatic polyketides. (A) AviM for 

orsellinic acid (20) biosynthesis in the avilamycin (21) pathway.36 (B) ChlB1 for 6-methyl-

salicyclic acid (22) biosynthesis in the chlorothricin (23) pathway.37 (C) NcsB for 2-hydroxy-5-

methyl-NPA (NPA = 1-naphthoic acid) (24) biosynthesis in the neocarzinostatin (25) pathway.39 

Another type of bacterial iPKS is responsible for the biosynthesis of the polycyclic tetramate 

macrolactams (PoTeMs). Typical PoTeMs share a tetramate-embedding macrocyclic lactam ring 

that is fused to a subset of diverse carbocyclic ring systems,40 such as HSAF (heat-stable antifungal 

factor, 26)41 and ikarugamycin (27) (Figure 9).42 Although the PoTeMs family of compounds 

comprises complex structural diversity, heterologous expression and combinational engineering 

have shown that their skeletons are biosynthesized by a single-module iPKS-NRPS (Non-

ribosomal Peptide Synthetase, see Chapter 1.3) hybrid gene (Figure 9).40, 43-46 In a proposed 

PoTeMs biosynthetic pathway, the single-module PTM iPKS is responsible for the synthesis of the 

two different polyketide moieties of the PoTeMs skeleton.40, 43-47 A similar single-module PKS is 

also found in the biosynthesis of the enediyne type natural products, in which a polyene chain is 

biosynthesized first, followed by formation of the enediyne core (cf. 25 in Figure 8).48-49 
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Figure 9. Biosynthesis of the PoTeM family compounds by the iPKS-NRPS system. The single-module 

type I PKS is hybridized with an NRPS module and is supposed to synthesizes two separate 

hexaketide chains in the biosynthesis of PoTeMs. For NRPS biosynthetic logic, see below 

Chapter 1.3. 

1.2.1.3 Trans-AT PKSs 

In addition to the above-mentioned type I PKSs, studies have shown that PKS systems have much 

more diversity in both mechanism and structure.27, 33, 50 One significant finding was that some 

modular PKSs completely lack the cognate AT domain, whose missing activity instead is provided 

in trans by one or a few free-standing proteins with AT functions (Figure 10).27, 33, 50 Thus, this 

kind of modular PKSs was termed trans-AT (or AT-less) PKS, while the typical modular PKS was 

named cis-AT PKS.25 Another difference is that for cis-AT PKS, methyl branches typically stem 

from incorporation of methylmalonyl-CoA extender units selected by the corresponding AT 

domain, while for the trans-AT PKS, the methyl branch is introduced by an MT domain. There 

also can be one or more stand-alone AT proteins. Different other domains can also be stand-alone 

domains, such as the ER domain.27, 33, 50 Even though the cis- and trans-AT PKS significantly differ 

in their structures, their product can in principle be identical (Figure 10). 

A recent survey of PKS genes in sequenced bacterial genomes showed that almost 38% of 

bacterial modular PKSs are trans-AT type, suggesting that this kind of PKS is responsible for the 

biosynthesis of a major natural product class. This kind of PKS is particularly common in 

chemically less well-studied bacteria, such as unusual taxa, uncultivated bacteria, mutualists, and 

pathogens. In addition to the AT architecture, trans-AT PKSs also possess numerous unique 

peculiarities when compared to cis-PKS. An important characteristic is their great architectural 

diversity, which includes modules with unusual domain orders or unique domains, such as non-
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elongating modules (KS0) or O-methyltransferase (OMT) domains. The KS0 differs from the 

normal KS in lacking a conserved histidine that is necessary for decarboxylative condensation. 

Usually, this domain will modify the polyketide chain jointly with an upstream module.50 OMT 

domains introduce O-methyl groups to the polyketide backbones. Usually, OMTs occur in 

bimodules, with the OMT being localized behind the non-elongating module.50 Other domains with 

unusual functions can also be found in trans-AT PKS, such as dehydrating bimodules, modules 

inserting oxygen into polyketide chains, modules introducing β,γ-double bonds, pyran synthase 

(PS) modules, and Michael-branching modules.50 The first reported extended trans-AT PKS 

system with an attributed metabolite was the pederin PKS, whose function was proposed based on 

the enzymatic architecture with the hypothesis that transacting ATs perform acylations of entire 

PKS systems.51 

 

Figure 10. Schematic comparison of a theoretical cis-AT and a trans-AT PKS.50 (A) Typical cis-AT PKS 

with AT domains integrated in each module. (B) Modular trans-AT PKS contains free-standing 

AT protein. Domain abbreviations: AL, acyl-ligase; KSQ, decarboxylating KS present in many 

loading modules; GNAT, acetyl-loading AT of the GCN5-related N-acetyl transferase 

superfamily. 
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1.2.2 Type II PKSs 

In contrast to the linear multimodular type I PKSs, type II PKSs are composed of dissociated 

enzymes. They all have core regions called ‘minimal PKSs’ consisting of three kinds of proteins: 

ketosynthase alpha (KSα); ketosynthase beta, (KSβ, or chain length factor); and acyl carrier protein 

(ACP).52 The KSα and KSβ subunits show high sequence similarities, while their functions are 

totally different. KSα catalyzes the Claisen-type C–C bond formations from CoA activated building 

blocks. KSβ was shown to be involved in the polyketide chain initiation by generating acetyl KS 

by decarboxylation of malonyl-ACP.53 In addition, the KSβ subunit is the primary determinant of 

the polyketide chain length and it has thus also been termed ‘chain length factor’. The minimal 

PKS works iteratively to assemble a nascent polyketide chain, exclusively using malonyl-CoA as 

elongation units. Furthermore, it partially controls the regiochemistry of the first ring cyclization 

(Figure 11A).27, 52 Additional PKS subunits, including ketoreductases (KRs), cyclases (CYCs) and 

aromatases (AROs), work together to control the folding pattern of the poly-β-keto intermediate to 

form the aromatic cores. The KRs selectively reduce one keto group to stereo-selectively form a 

secondary alcohol, which can either influence the orientation of the poly-β-keto chain for a favored 

aldol condensation or define the configuration of a persisting carbinol moiety.54 The CYCs function 

in a ‘chaperone-like’ manner and thus help in directing nascent polyketide intermediates into 

particular reaction channels to afford the desired cyclized rings.54 The AROs also work during ring 

cyclization by dehydrating alcohol functions within the cyclic systems to yield aromatic rings.54 

Complex chemical modifications, including oxidation, dimerization, reduction, methylation or 

glycosylation will follow to ultimately make products with extraordinary structural diversity, as 

exemplified by the tetracenomycin (28) biosynthesis (Figure 11B).27, 52 The products of type II 

PKSs are usually aromatic metabolites, such as tetracycline (5) and daunorubicin (12). 

 

Figure 11. (A) Generic scheme for type II PKS assembly: the minimal PKS consists of KSα, KSβ and ACP 

and works iteratively to assemble a nascent polyketide chain. The PKS proteins are shown by 

green arrows. (B) The tetracenomycin minimal PKS TcmKLM uses 10 units of malonyl-CoA 

to assemble a polyketide chain. After cyclization and post tailoring, tetracenomycin (28) is 

produced.  
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1.2.3 Type III PKS 

Type III PKSs also work iteratively to build polyketide chains. However, unlike type I and type II 

PKSs, type III PKSs are ACP-independent systems.27, 55 With the resulting simple structure, they 

are self-contained enzymes that form homodimers. Their single active site in each monomer 

catalyzes the priming, extension, and cyclization reactions iteratively to form polyketide 

products.56 Type III PKSs do not require the presence of ACPs, as they can perform polyketide 

chain elongation directly using CoA building blocks (Figure 12A).27, 55-56 Type III PKSs were once 

believed to be plant specific, but the first bacterial type III PKS, RppA, was reported in 1999 from 

Streptomyces griseus.55 After that, studies have shown that type III PKSs are widely present in 

bacteria and fungi.56-59 Typical type III PKSs are exemplified by chalcone synthases (CHS) from 

the plant aringenin chalcone (29) biosynthetic pathway and RppA from the bacterial flavolin (31) 

biosynthetic pathway (Figure 12B-C). 55  

 

Figure 12. (A) Generic scheme for type III PKS assembly: a single subunit of a type III PKS catalyzes the 

priming, extension, and cyclization reactions iteratively to form polyketide products 

independent of an ACP domain. (B) Typical plant type III chalcone synthase (CHS) catalyzes 

the sequential condensation of three acetate units from malonyl-CoA to a 4-coumaroyl-CoA 

starter molecule. This is followed by a cyclization reaction, leading to the formation of an 

aromatic product 29. (C) RppA catalyzes the synthesis of 1,3,6,8-tetrahydroxynaphthalene 

(THN, 30) from 5 units malonyl-CoA. 
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1.3 Non-ribosomal Peptides and Non-ribosomal Peptide Synthetases 

The non-ribosomal peptide natural products are another important class of compounds with diverse 

properties in drug discovery.60 The above mentioned penicillin (3), vancomycin (8), actinomycin 

(10), bleomycin (13) and cyclosporin (15) are all non-ribosomal peptide natural products. Non-

ribosomal peptides are synthesized by large multifunctional mega-proteins called non-ribosomal 

peptide synthetases (NRPSs) in a way very similar to the modular type I PKSs.61 NRPSs also 

consist of diverse domains with different catalytic functions and the domains usually are grouped 

together in modules.60-61 All the modules and domains work stepwise as assembly lines to produce 

the peptide natural products, just like the modular type I PKSs. The ‘co-linearity rule’ also applies 

to the NRPS in most cases.31 Core domains of NRPSs are the condensation domains (C), 

adenylation domains (A) and peptidyl carrier protein domains (PCP). The PCP domain is also 

referred to as thiolation domain (T domain) and it also needs to be post-translationally activated 

from its apo-form to its holo-form by phosphopantetheinyl transferases (PPTases), just as in ACP 

activation (see chapter 1.2).26 Additional domains with different functions can also be present, 

including methylation domains (MT), epimerization domains (E), heterocyclization domains (Cy), 

oxidative domains (Ox), reduction domains (R), formylation domains (F) or thioesterase domains 

(TE) (Figure 13A).60-61  

 

Figure 13. (A) Scheme representing a typical NRPS domain modular organization. Individual NRPS 

proteins are indicated by green arrows. Each module is delineated by solid black lines. (B) 

Activation of the amino acid building block by an A-domain catalyzed adenylation reaction in 

NRPS. Abbreviations: ATP, adenosine triphosphate; AMP, adenosine monophosphate; PPi, 

pyrophosphate; A, adenylation domain; PCP, peptidyl carrier protein domain; C, condensation 

domain 

NRPSs typically use amino acids as building blocks, including both proteinogenic and non-

proteinogenic amino acids, which is different to the PKSs that use CoA activated short carboxylic 

acids as precursors.61-62 The A domain selectively activates a single amino acid building block and 

incorporates it in the respective module by converting it into an aminoacyl adenylate intermediate 
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at the expense of ATP. Then, the PCP domain incorporates the activated substrates by forming a 

covalent thioester bond to the phosphopantetheinyl tether (Figure 13B).60-61 The C domain 

catalyzes amide bond formation between the PCP-bound substrate of a given module and the 

peptide chain attached by the previous module, thereby forming an elongated peptide chain at the 

respective PCP-domain.60-62 The TE domain from the last module finally cleaves off the extended 

peptide chain from the biosynthetic enzyme by a hydrolysis or macrocyclization reaction, which 

results either in a linear peptide or macrocyclic product, respectively.63 The additional domains are 

responsible for further modifications at the growing peptide chain. The MT domain catalyzes the 

transfer of the S-methyl group of S-adenosylmethionine (SAM) to the α-amino group of the PCP-

bound peptide, thus making the peptide less susceptible to proteolytic breakdown.63 The E domain 

promotes epimerization of the Cα-carbon of the PCP-tethered aminoacyl substrate to afford a D/L 

equilibrium, followed by specific incorporation of the D-amino acids into the growing peptide 

chain by action of the enantioselective donor site of the downstream C domain.63 The Cy domain  

is the only domain that can replace the core C domain of the NRPS and perform both condensation 

and cyclodehydration of a cysteine, serine, or threonine to form a five-membered ring in the peptide 

backbone.64 The oxidative state of the resulting oxazoline and thiazoline rings can be altered by 

additional oxidation (Ox) or reduction (R) domains.63 F domains were initially found in the linear 

gramicidin nonribosomal peptide synthetase as the first domain in the first module. It transfers a 

formyl group from formyltetrahydrofolate (fH4F) onto the first amino acid valine.65 Complex post 

tailoring reactions can be catalyzed by further enzymes, such as cytochrome P450s, 

oxidoreductases, glycosyl transferases, halogenases, and deoxysugar biosynthetic enzymes to 

generate the fully modified natural products. NRPSs can be classified into three groups according 

to their biosynthetic logic: linear, iterative, and nonlinear NRPSs.66-67 

1.3.1 Linear NRPSs  

Linear NRPSs share similar domain organization and building block assembly principles when 

compared to the type I PKSs. They all perform as assembly line and adhere to the co-linearity rule.  

In linear NRPSs, the three core domains are arranged in the order of C-A-PCP in an elongation 

module.66-67 Each module introduces a single amino acid to the PCP-bound peptide chain by 

peptide-bond formation catalyzed by the C domain. Thus, the number and order of modules in 

typical linear NRPSs matches that of the amino acids found in the corresponding products.67-68 Vise 

versa, the amino acids can be used to predicted the organization of the NRPS modules. The 

additional tailoring domains usually are integrated in the modules. The terminal module in most 

cases contains a TE domain that can release the full-length peptide chain from the PCP by simple 

hydrolysis or macrolactonization.69 Linear NRPSs are exemplified by vancomycin (8) biosynthesis 

(Figure 14). In vancomycin biosynthesis, each module recruits one amino acid as elongation unit 
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and fuses it to the former chain by peptide bond formation. The E domains in the respective 

modules change the stereochemistry of the corresponding amino acid into D in the peptide chain.63 

The chain elongation is performed step by step, finally furnishing the full-length peptide chain 

bound to the last PCP. After oxidative peptide tailoring by P450s, which introduce the prototypical 

biaryl bonds into the peptide chain, the terminal TE domain finally cleaves off the linear precursor 

by hydrolysis. Post NRPS tailoring by glycosylation is achieved by glycosyl transferases to afford 

the bioactive 8.63 

 

Figure 14.  Linear NRPSs assembly line as exemplified by vancomycin (8) biosynthesis. In linear NRPS 

biosynthesis, each module is used once to add one building block to the peptide chain.  

1.3.2 Iterative NRPSs  

Iterative NRPSs reuse dedicated modules more than once (iterative) to build up the final product. 

Thus, the number of modules in iterative NRPSs does not reflect the number of amino-acid building 

blocks in the corresponding products.66-67 As illustrated in gramicidin S (32) biosynthesis, the 

NRPSs first make a pentapeptide chain similar to linear NRPSs. Then, two identical pentapeptide 

halves are assembled in a head-to-tail manner by unusual TE-activity to make the gramicidin S 

dimeric structure (Figure 15).70 Iterative NRPSs share the same domain organization and building 

block assembly principles with linear NRPSs. It is thus not yet possible to distinguish them by 
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analysis of their primary sequence.67 Studies on gramicidin S biosynthesis showed that the PCP-

TE of the GrsB catalyzes the dimerization and subsequent formation of the decapeptide lactam 

gramicidin S (32).71 However, even here multiple sequence alignments with other TE domains do 

not allow the prediction of such an iterative function.67 This high degree of specialization is 

additionally reflected in the low sequence identity (10%–15%) among TE-domains.60   

 

Figure 15. Iterative NRPSs assembly line as exampled by gramicidin S (32) biosynthesis. Iterative NRPSs 

reuse the entire assembly line or certain modules. 

1.3.3 Non-linear NRPSs  

Non-linear NRPSs assemble peptide chains using the domains in a non-linear way. Thus, the 

sequence of amino acids does not correlate to the arrangement of modules on the synthetase 

template.66 Unusual arrangement of the domains are characteristic for this type of NRPSs, which 

often causes unusual cyclization or branching chemistry.67 As illustrated in the vibriobactin (33) 

biosynthesis (Figure 16), the NRPSs use one molecule of norspermidine (NS), two molecules of 

threonine, and three molecules of dihydroxybenzoyl (DHB) to make the final product. The free 

soluble NS is used by the NRPSs as a nucleophile to be incorporated into the product without prior 

binding to the enzyme as a thioester.67 In contrast to the linear or iterative NRPSs, there is little 

resemblance between the NRPS architecture of the biosynthetic machinery and the final peptide 

product in the non-linear NRPSs. 
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Figure 16. Non-linear NRPSs assembly line as exemplified by vibriobactin (33) biosynthesis. Non-linear 

NRPSs use the domains in a non-linear way.  

1.3.4 Hybrid pathways 

In addition to the above mentioned PKS and NRPS pathways, nature also uses hybrid pathways to 

produce different kinds of natural products. These hybrids can be a blend of different types of  PKSs, 

NRPSs, or combinations of PKS-NRPSs.72 The bleomycin (12) and rapamycin (13) natural 

products both belong to the PKS-NRPS hybrid products. This pathway hybrid is characterized by 

a mix of both PKS and NRPS modules, as also exemplified in PoTeM biosynthesis in chapter 

1.2.1.2.73-74 Single or several groups of domains are also frequently found in hybrid systems, mostly 

with unusual functions.68 For example, a free-standing C domain (SgcC5) in C-1027 (34) 

biosynthesis catalyzes an ester bond formation (Figure 17).75 Fatty acid precursors are also seen in 

PKS or NRPS products.76 The previously mentioned noranthrone (19) uses a fatty acid to prime 

PKS assembly (Figure 7C).32 Fatty acid precursors are also used by NRPS pathways, leading to the 

lipopeptide family of natural products, such as daptomycin.77  

 

Figure 17. Attachment of (S)-3-chloro-5-hydroxy-β-tyrosine onto the enediyne core by SgcC5, leading to 

the C-1027 (34) chromophore. The timing for each of the coupling steps is unknown. 
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1.4 Genome Mining for Natural Products Discovery 

Whole-genome sequencing technology has developed rapidly since the beginning of the 21th 

century, highlighted by the whole-genome sequencing of Streptomyces coelicolor and 

Streptomyces avermitilis.78-79 The whole-genome sequence of these organisms showed that there 

were many more potential biosynthetic gene clusters (BGCs) in the genome than the number of 

compounds that had been identified, despite many years of intensive natural product research on 

these model organisms.78-79 For example, analysis of the complete genome sequence of 

Streptomyces coelicolor A3(2) identified 16 more BGCs than the already identified natural 

products.80 Meanwhile, the cost of genome sequencing further dropped considerably, allowing 

greater accessibility to genomic data.81 Thus, researchers can focus on the microbes that they are 

interested in according to BGC predictions based on the genomic information prior to compound 

isolation, leading to modern natural product discovery by so-called genome mining.82-85 Automated 

in silico bioinformatics platforms have been developed to facilitate the prediction of natural 

products encoded by BGCs, which benefit natural product discovery greatly.86 One of the most 

comprehensive platforms currently available is the ’antibiotics and secondary metabolite analysis 

shell’ (antiSMASH), which can identify up to 44 different gene cluster types based on hits against 

a library of enzymes/protein domains commonly observed in secondary metabolite biosynthetic 

pathways.87-91 However, it is estimated that less than 10 % of the predicted BGCs are expressed in 

sufficient quantities to be observed under conventional laboratory growth conditions, leaving the 

rest as cryptic gene clusters that probably encode novel or unknown metabolites.5  

One major target of genome mining is to unlock the full chemical potential of these cryptic BGCs. 

Currently, the methods used to achieve this goal can be summarized into two major categories: 

homologous expression and heterologous expression. Approaches for homologous expression use 

native hosts as producer, which include (a) optimization of the growth conditions, (b) co-culture 

with other microorganisms, (c) supplementation of the cultures with signaling molecules, (d) 

ribosome engineering, and (e) manipulation of the target genome.84 Approaches (a) to (d) need no 

genetic manipulation. Therefore, they are technically rather simple ways to induce the expression 

of BGCs even when only little is known about the cryptic BGCs. Another advantage of these 

methods is that they can induce pleiotropic changes in the expression of the BGCs, leading to the 

simultaneous expression of multiple BGCs. However, these methods are intrinsically empirical, 

making it difficult to predict the outcomes and hard to directly target the most interesting BGCs. 

Simultaneous expression of multiple BGCs can also be a drawback: it can lead to a complex 

mixture of dozens of compounds that make the identification and isolation of individual compounds 

difficult.18 Compared to approaches (a) to (d), approach (e) needs genetic manipulation. This 

approach can also be pleiotropic, such as transposon mutagenesis and manipulation of global 

regulators. Some genetic concepts for genetic manipulations focus on single BGCs, thus making 
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this method pathway specific. These methods include overexpression of positive regulatory genes, 

disruption of negative regulatory genes, whole gene cluster duplication, and refactoring of 

promoters / ribosome binding sites.92  

Homologous expression can be limited by the native producers when they are slow growing, not 

suited for large-scale laboratory growth conditions, genetically intractable or currently not 

culturable under standard laboratory conditions.93 Indeed, it is estimated that 99% of the bacterial 

species from soil have not been cultivated in the laboratory.94-95 Heterologous expression uses a 

surrogate host as producer that can bypass these limitations. Two major factors need to be 

considered for heterologous expression are (a) how to obtain the desired BGCs and (b) which 

suitable host system to choose. Sources of the desired BGCs can be genomic DNA from the 

culturable organism of the native producers, or culture‑independent metagenomic materials. One 

challenge for obtaining the desired BGCs is how to transfer it into suitable expression vectors. 

Traditionally, the most common method has been constructing genomic/metagenomic libraries, 

followed by screening colonies to identify the desired BGCs. Screening such libraries is time-

consuming and for this methodology it is generally difficult to cope with gene clusters >40 kb.18 

Recently, several direct cloning systems have been developed to bypass genomic library 

construction and to deal with large gene clusters. These methods include the transformation-

associated recombination cloning (TAR),96  RecET-mediated linear-plus-linear homologous 

recombination (LLHR),97 Cas9-assisted targeting of chromosome segments (CATCH),98 direct 

pathway cloning (DiPaC),99-100 and site-specific recombination relied reactions (Figure 18A-E).101-

103 TAR cloning relies on the in vivo homologous recombination ability of yeast (Figure 18A).96 It 

can be used to clone DNA fragments up to 250 kb from multiple complex genomes.104 This 

approach was also used to clone a 67 kb NRPS gene cluster, leading to the discovery of taromycin 

after gene cluster refactoring.105 LLHR relies on the homologous recombination ability of phage 

recombination systems in E. coli (Figure 18B). It was shown to be able to capture BGCs up to 52 

kb in size from Photorhabdus luminescens.97 This method was also used to clone the 106 kb 

salinomycin gene cluster from Streptomyces albus with downstream three-piece assembly.106 

Extension of this method by combination of LLHR with exonuclease in vitro assembly (ExoCET) 

even facilitated to clone the complete 106 kb salinomycin gene cluster in a single step.107 CATCH 

uses the programable CRIPSR/Cas9 system to cleave the target DNA fragments from intact 

genome in vitro and then uses Gibson assembly to ligate the DNA fragment with the cloning vector 

(Figure 18C). This method was shown to be able to clone bacterial genomic sequences of up to 

100 kb in a single step.98 DiPaC depends on the ability to amplify long DNA fragments using high-

fidelity PCR polymerases, such as the Q5 polymerase (Figure 18D). After PCR amplification of 

the target gene clusters, the PCR products can be ligated to a vector of choice using Gibson 

assembly or Sequence- and ligation-independent cloning (SLIC). This method has been used to 
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clone several BGCs from different sources.99-100, 108 Site-specific recombination methods rely on 

site-specific recombination systems, such as Cre/loxP or Φ BT1 integrase/attB/attP systems 

(Figure 18E).101-103 This method was used to clone several biosynthesis gene cluster from 

Streptomyces at a frequency higher than 80%.103  

 

Figure 18. Recently developed methods to clone BGCs. (A) TAR cloning in yeast. After co-transforming 

the digested DNA and the linear vector into yeast cells, homologous recombination occurs between the 

designed homology arms. (B) LLHR  cloning in E. coli, specifically in E. coli GB05-dir. After co-

transforming the digested DNA and the linear vector into induced E. coli GB05-dir cells, homologous 

recombination occurs between the designed homology arms. (C) In vitro CATCH cloning. The cells carrying 

the target BGC are lysed in gel and the chromosomes are cleaved by RNA-guided Cas9 at the designated 

target sites. Afterwards, Gibson assembly is applied to assemble the target DNA fragment into the linear 

vector. (D) In vitro DiPaC cloning. Target DNA fragments are PCR amplified from the genomic DNA. 

Afterwards, Gibson assembly is applied to assemble the amplified DNA fragments into the linear vector. 

(E) Site-specific recombination method. Plasmid-1 is a suicide plasmid designed with attB site and a region 

homologous to one end of the cluster. Plasmid-2 is a temperature sensitive plasmid designed with attP site 

and a region homologous to the other end of the cluster. These two plasmids are transferred into 

Streptomyces separately and homologous recombination occurs to integrate them into the chromosome. Site 

specific integrase is applied in vivo or in vitro to induce specific recombination between the attB/attP sites, 

resulting in a plasmid backbone from the plasmid-2 carrying the target gene cluster. R1 and R2 indicate 

different resistant genes.  
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After cloning the BGCs into vectors, they need to be expressed in a suitable surrogate host for 

heterologous compound production. Commonly used heterologous hosts are model strains or 

genetically modified strains, which can transcriptionally activate and produce molecules encoded 

by diverse clusters, such as Streptomyces and Escherichia coli. Streptomyces strains have been used 

for heterologous expression for decades, such as S. albus, S. coelicolor and S. lividans.109 

Facilitated by the advancement of DNA manipulation methods, genetically modified Streptomyces 

hosts were recently constructed for better heterologous expression. S. albus Del14 was constructed 

by deleting 15 clusters encoding secondary metabolite biosynthetic pathways from S. albus 

J1074.110 S. coelicolor M1152 and S. coelicolor M1154 were constructed by deleting four antibiotic 

gene clusters from S. coelicolor M145 and introducing rpoB or rpoB + rpsL mutations, 

respectively.111 These genetically modified hosts have reduced genomes and can offer 

a ’clean‘ natural product background, which can benefit heterologous expression and particularly 

downstream product identification and isolation. Different types of natural products have been 

successfully characterized using Streptomyces as hosts, including PKS, NRPS and PKS-NRPS 

hybrid products.112 Streptomyces hosts are often used when the BGCs are from the same or related 

species. Different BGCs can have different expression performance when introduced into different 

hosts, showing complex cluster-host interactions.110 Escherichia coli is the most common bacterial 

strain for biolabs, which is an ideal host for heterologous expression due to its fast growth rate, 

gentle culture conditions and versatile DNA manipulation tools.113 E. coli BAP1, a strain derived 

from E. coli BL21(DE3) by genomic integration of a single copy of the sfp gene (encoding a PPtase 

from Bacillus subtilis), was used to produce the PKS type products 6-deoxyerythronolide B (16) 

from Saccharopolyspora erythraea.114 This strain can also be used to produce several NRPS type 

natural products from cyanobacteria and Serratia, or PKS-NRPS hybrid type ikarugamycin from 

Streptomyces.100, 108, 115-116  

In addition, the genetical manipulation methods used in homologous hosts can also be applied 

to heterologous expression, making heterologous expression an important way for genome mining. 

The genome sequence analysis, gene cluster cloning, and heterologous expression thus paves the 

way to novel natural products production.  
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2. Aim of the Thesis 

As evident from the numerous important natural products presented above, Streptomyces is an 

excellent source of novel and biomedically interesting small molecules. One example is 

Streptomyces sp. Tü6314, which was isolated by Prof. Dr. Hans-Peter Fiedler (University of 

Tübingen, retired) in Egerpatak, Ardeal, Romania in 2001 and supplied to our laboratory for further 

studies. Dr. Janine Antosch, a former PhD student from the Gulder lab, had previously shown that 

this strain produces cycloheptamycin A, a cyclodepsipeptide natural product which was first 

discovered in the 1970s.117 Within her work, cycloheptamycin A was found to have strong and 

selective inhibitory potential against Propionibacterium acnes, a human pathogen causing severe 

cosmetic and other health damages. Despite this interesting biomedical property, the absolute 

stereostructure of cycloheptamycin A as well as its biosynthetic origin remained elusive. Given the 

biological potential of this compound and the yet underinvestigated metabolic profile of 

Streptomyces sp. Tü6314, the resulting aims of this thesis were:  

(1) Isolation and full stereochemical characterization of cycloheptamycin A and natural derivatives 

from Streptomyces sp. Tü6314. 

(2) Genome analysis of Streptomyces sp. Tü6314 for the identification of the cycloheptamycin 

BGC, its recombinant expression and functional characterization, including the production of 

altered structural derivatives. 

(3) Analysis of the full metabolic potential of Streptomyces sp. Tü6314 by in silico genome analysis 

and development of a methodology to rapidly access natural products encoded by silent BGCs from 

this strain.  

Altogether, this thesis therefore focused on natural product isolation and biosynthetic studies 

from Streptomyces sp. Tü6314, paving the way for a better understanding of the full biosynthetic 

potential of this Streptomyces. 
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3. Results and Discussion 

This thesis is submitted as a publication-based dissertation. The content of the individual 

publications will briefly be summarized in the following chapters. 

3.1 Structures and biological activities of cycloheptamycins A and B 

The following chapter is based on the publication: 

Z. Qian,* J. Antosch,* J. Wiese, J.F. Imhoff, H.-P. Fiedler, A. Pöthig, T.A.M. Gulder. Structures 

and biological activities of cycloheptamycins A and B, Org. Biomol. Chem. 2019, 17, 6595-

6600.118 *equal contribution (Highlighted in OBC HOT article collection.) 

This paper is available online: 

https://pubs.rsc.org/en/content/articlelanding/2019/ob/c9ob01261c/unauth#!divAbstract 

Reproduced from Ref. 118 with permission from The Royal Society of Chemistry.  

Within this work, we established Streptomyces sp. Tü6314 as a new producer of the literature-

known cycloheptamycin A (35) along with a new analog, cycloheptamycin B (36). The planar 

structure of these compounds was for the first time established by in-depth NMR structure 

elucidation combined with MS/MS analysis. In addition, full peptide hydrolysis and chemical 

modification applying Marfey’s method for amino acid analysis were applied to elucidate the 

absolute configuration of several amino acid building blocks. This information was further utilized 

in combination with single-crystal X-ray analysis to determine the full stereostructure of the 

cycloheptamycin peptide family (Figure 19). 

 

Figure 19. Structures of cycloheptamycin A (35) and B (36). 

In collaboration with J. Wiese and J.F. Imhoff, the biomedical potential of this compound family 

was evaluated. The results revealed a strong and selective antibiotic potential of cycloheptamycin 

A (35) against Propionibacterium acnes (IC50 = 4.22 ± 0.41 µM), combined with no toxic effects 

https://pubs.rsc.org/en/content/articlelanding/2019/ob/c9ob01261c/unauth#!divAbstract
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against tested human cells. The cycloheptamycins thus represent promising lead structures for the 

development of selective antibiotics against this human pathogen.  
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3.2 Discovery of the streptoketides by direct cloning and rapid heterologous expression of a 

cryptic PKS II gene cluster from Streptomyces sp. Tü6314 

The following chapter is based on the publication: 

Z. Qian, T. Bruhn, P.M. D’Agostino, A. Herrmann, M. Haslbeck, N. Antal, H.-P. Fiedler, R. 

Brack-Werner, T.A.M. Gulder. Discovery of the Streptoketides by Direct Cloning and Rapid 

Heterologous Expression of a Cryptic PKS II Gene Cluster from Streptomyces sp. Tü6314. J. Org. 

Chem. 2019, DOI:10.1021/acs.joc.9b02741.119 

This paper is available online: https://pubs.acs.org/doi/10.1021/acs.joc.9b02741 

Reprinted (adapted) with permission from Ref. 119. Copyright (2019) American Chemical Society. 

In this work, we identified a cryptic type II PKS gene cluster (skt) from the genome data of 

Streptomyces sp. Tü6314. The skt cluster spans ~21 kb and consists of 19 open reading frames 

(ORFs) (Figure 20A). This DNA region was cloned directly from the Tü6314 genome by the LLHR 

method using the Streptomyces site-specific integration vector pSET152, followed by its rapid 

heterologous expression in Streptomyces coelicolor. HPLC analysis of the extracts from the culture 

broth of the heterologous hosts revealed the production of new compounds.  

 

 

Figure 20. (A) Organization of the streptoketide BGC (skt) from Streptomyces sp. Tü 6314. (B) 

Compounds isolated from the skt heterologous expression strain. 

Compound isolation and structure elucidation led to the identification of six polyketides, of 

which UMW5 (37), S2502 (38) and S2507 (39) were already known and streptoketides A-C (40-

42) were identified as new natural products (Figure 20B).  The structures of these polyketides were 

established by HR-MS and NMR structure elucidation. In collaboration with T. Bruhn and M. 

https://pubs.acs.org/doi/10.1021/acs.joc.9b02741


 

33 

 

Haslbeck, we compared the experimental ECD spectra to the corresponding calculated spectra and 

determined the sterostructure of these compounds as S-configured. In collaboration with A. 

Herrmann and R. Brack-Werner, we showed that four of the six polyketides exhibited anti-HIV 

activities, with 42 having the most pronounced effects with an EC50 value of 17.3 µM. In addition, 

no negative cellular impacts were detected during our tests, making these structures interesting 

starting points for further investigations.  
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3.3 Biosynthesis of cycloheptamycins 

The following chapter is based on the manuscript: 

Z. Qian, J. Antosch, P.M. D’Agostino, T. Liu, M. Fottner, R. Zhu, A. Pöthig, T.A.M. Gulder, et 

al.. Functional characterization of the biosynthesis of the antibiotic cycloheptamycins. Manuscript 

in preparation.  

Within this work, we identified an NRPS-type BGC responsible for the biosynthesis of 

cycloheptamycins from bioinformatic analysis of the genome data of Streptomyces sp. Tü6314. 

The cluster spans ~49 kb and consists of 23 open reading frames (ORFs) (Figure 21A). This DNA 

region was cloned directly from the Tü6314 genome by the LLHR method. Gene disruption in the 

native Tü6314 strain and heterologous expression of the cluster in Streptomyces coelicolor 

confirmed that it is responsible for cycloheptamycin biosynthesis. 

  

Figure 21. (A) Organization of the cycloheptamycin BGC from Streptomyces sp. Tü 6314. (B) Structure 

of cycloheptamycin A and the proposed modifying enzymes or NRPS domains.  

Bioinformatic analysis of the functions of the genes combined with gene disruptions revealed 

further information about this gene cluster. More information will be published soon as a paper 

work. 
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4. Summary and outlook 

4.1 Cycloheptamycins 

In summary, six compounds related to cycloheptamycins were isolated from Streptomyces sp. 

Tü6314 in this study. The BGC was cloned and the biosynthetic pathway was studied by 

heterologous expression combined with gene disruption. An evolved isopropylmalate synthase was 

shown to be involved in biosynthesis of the norvaline building block of cycloheptamycin A (35). 

With the selective antibiotic activity against Propionibacterium acnes of cycloheptamycin A (35) 

and B (36), these findings may lead to potent anti-infective drug or drug lead. The elucidation of 

the biosynthetic pathway enriched our knowledge about NRPS biosynthesis and provided insight 

into enzyme evolution. Some remaining questions, for example the biosynthesis of the 5-methoxy-

tryptophan or the regulation of the biosynthesis, are still to be elucidated. Further studies thus may 

focus on these questions. Whole gene cluster cloning and heterologous expression also provided 

possibilities for gene cluster engineering to make new compounds, including domain exchange or 

pathway recombination.  

4.2 Streptoketides 

In this study, we isolated six polyketides by heterologous expression of a cryptic type II PKS gene 

cluster (37-42, Figure 20B). Four of the six compounds exhibited anti-HIV activities, which may 

lead to potent anti-viral drugs or drug leads. The stereostructures were determined by comparing 

their calculated ECD spectra with the experimental spectra. Further verification could be obtained 

by getting crystals of these compounds and doing single-crystal X-ray analysis. We also noticed 

that these compounds are produced in rather limited yield. To solve this problem, a series of other 

host strains could be tested, the regulator genes could be manipulated or the promoters could be 

exchanged. 

4.3 Streptomyces sp. Tü6314 genome mining 

Genome analysis showed that Tü6314 genome contains 28 predicted BGCs (Table 1). Only 10 of 

which show similarity greater than 50% to already known BGCs. Our studies have shown that two 

of these BGCs are responsible to produce cycloheptamycins (cluster 5) and streptoketides (cluster 

20), respectively. During our study, literature has reported that a cluster similar to cluster 8 is 

responsible for the production of the polyene macrolactam sceliphrolactam120 and a cluster similar 

to cluster 27 for the production of a NRPS-PKS hybrid product detoxin.121 All these finding have 

made it clearer to understand the full biosynthetic potential of Streptomyces sp. Tü6314. 

Nevertheless, the remaining uncharacterized gene clusters are still a rich wealth for genome mining, 

which may need more efforts to achieve the full biosynthesis potential of this underexplored strain. 
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Table 1. Cluster prediction results of Streptomyces sp. Tü6314 genome analyzed by antiSMASH 5.0.122 

No. Predicted type Size/bp Most similar known cluster/type Similarity 

1 NRPS, T1PKS, blactam 146,260 

carbapenem 

MM4550 Non-NRP beta-lactam 65% 

2 NRPS 49,062 coelichelin NRP 90% 

3 terpene 24,583 isorenieratene Terpene 100% 

4 bacteriocin 8,918 
   

5 blactam, NRPS, betalactone 84,586 marformycin  NRP 33% 

6 lanthipeptide 22,854 
   

7 terpene 25,483 hopene Terpene 69% 

8 T1PKS 89,660 sceliphrolactam Polyketide 88% 

9 bacteriocin 10,265 
   

10 NRPS 61,091 cadaside  NRP 19% 

11 siderophore 13,122 ficellomycin NRP 3% 

12 terpene 19,715 
   

13 bacteriocin 9,546 
   

14 butyrolactone 8,310 lactonamycin Polyketide 3% 

15 NRPS, T1PKS 56,274 istamycin Saccharide 11% 

16 siderophore 11,781 desferrioxamin  Other 83% 

17 lanthipeptide 23,068 azalomycin  Polyketide 8% 

18 terpene 20,592 
   

19 ectoine 8,610 ectoine Other 100% 

20 T2PKS, PKS-like 71,509 cinerubin B Polyketide:Type II 25% 

21 terpene 20,542 steffimycin D 

Polyketide:Type II + 

Saccharide:Hybrid 16% 

22 terpene,ectoine 20,927 ectoine Other 100% 

23 bacteriocin 10,227 
   

24 T3PKS 41,058 tetronasin Polyketide 11% 

25 melanin 10,464 melanin Other 100% 

26 T2PKS, terpene 72,527 spore pigment Polyketide 83% 

27 NRPS 53,462 rimosamide NRP 21% 

28 butyrolactone 10,935 
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A domain  adenylation domain 

ACP  acyl carrier protein 

ARO aromatase 

AT  acyltransferase 

ATP  Adenosine triphosphate 

BGC  biosynthetic gene cluster 

C domain  condensation domain 

CoA  Coenzyme A 

Cy domain heterocyclization domain 

CYC cyclase 

DH  dehydratase 

E domain epimerization domain 

ER  enoyl reductase 

F domain formylation domain 

HPLC  high-performance liquid chromatography 

KR  ketoreductase 

KS  ketosynthase 

KSα ketosynthase alpha  

KSβ ketosynthase beta 
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LCHR  linear plus circular homologous recombination 

LLHR  linear plus linear homologous recombination 

MT domain methyltransferase domain 
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PKS Polyketide synthase 
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Supplemental materials of publications 

S I. Supplemental information for cycloheptamycins A and B 

The following supplemental information is related to the following publication which was 

highlighted in Chapter 3.1:  

Z. Qian,* J. Antosch,* J. Wiese, J.F. Imhoff, H.-P. Fiedler, A. Pöthig, T.A.M. Gulder. Structures 

and biological activities of cycloheptamycins A and B, Org. Biomol. Chem. 2019, 17, 6595-6600. 

*equal contribution 

Available online: 

https://pubs.rsc.org/en/content/articlelanding/2019/ob/c9ob01261c/unauth#!divAbstract 
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S II. Supplemental information for streptoketides  

The following supplemental information is related to the following publication which was 

highlighted in Chapter 3.2:  

Z. Qian, T. Bruhn, P.M. D’Agostino, A. Herrmann, M. Haslbeck, N. Antal, H.-P. Fiedler, R. 

Brack-Werner, T.A.M. Gulder. Discovery of the Streptoketides by Direct Cloning and Rapid 

Heterologous Expression of a Cryptic PKS II Gene Cluster from Streptomyces sp. Tü6314, J. Org. 

Chem. 2019, DOI:10.1021/acs.joc.9b02741 

Available online: https://pubs.acs.org/doi/10.1021/acs.joc.9b02741 
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S III. Supplemental information for cycloheptamycin biosynthesis 

The following supplemental information is related to the following publication which was 

highlighted in Chapter 3.3:  

Z. Qian, J. Antosch, P.M. D’Agostino, T. Liu, M. Fottner, R. Zhu, A. Pöthig, T.A.M. Gulder, et 

al.. Functional characterization of the biosynthesis of the antibiotic cycloheptamycins. Manuscript 

in preparation.  
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