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Abstract 
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Abstract 

Polyketides are a structurally highly diverse group of natural products with interesting health-

promoting effects on humans. Despite all structural differences, polyketides are synthesized 

from simple CoA-activated carboxylic acid derivatives, such as acetyl-CoA or malonyl-CoA 

following a mechanism closely related to fatty acid biosynthesis. Unfortunately, polyketides are 

only synthesized in small quantities by the respective native organism. In contrast, microbial 

polyketide synthesis using engineered bacteria is a promising approach to get access to the 

desired products. Against this background, Corynebacterium glutamicum strains for the 

production of different plant polyketides such as stilbenes and flavonoids have been 

constructed recently. However, it soon became evident that the intracellular availability of 

malonyl-CoA is limiting the overall product formation in these strains. Hence, the main goal of 

this thesis was to optimize the intracellular malonyl-CoA availability in C. glutamicum by 

metabolic engineering. Additionally, the tailored strains should be used for establishing 

synthesis of biotechnological interesting polyketides. The following results were obtained: 

1) Reduction of the citrate synthase activity to 5.5 % compared to the C. glutamicum wild type 

by exchanging the promotor of the encoding gltA gene, reduced acetyl-CoA consumption via 

the tricarboxylic acid cycle, which in turn improved malonyl-CoA availability. Upon 

transcriptional deregulation of accBC and accD1 encoding the two subunits of acetyl-CoA 

carboxylase, malonyl-CoA synthesis from acetyl-CoA was drastically improved allowing for the 

synthesis of 65 mg/L (0.24 mM) naringenin und 450 mg/L (1.97 mM) resveratrol. Furthermore, 

improving the glucose uptake and elimination of anaplerotic pyruvate carboxylation reaction 

further contributed to an improved intracellular malonyl-CoA availability in the ultimately 

constructed strain C. glutamicum M-CoA. 

2) Through episomal expression of genes encoding heterologous type III polyketide synthases 

from various plant species in the constructed strain C. glutamicum M-CoA, microbial synthesis 

of a pentaketide (noreugenin) but also phenylbutanoids (raspberry ketone, zingerone, 

benzylacetone) with a ldhA-deficient variant could be established. The respective strains 

allowed for the synthesis of up to 53.3 mg/L (0.28 mM) noreugenin, 100 mg/L (0.61 mM) 

raspberry ketone, 70 mg/L (0.36 mM) zingerone and 10.5 mg/L (0.07 mM) benzylacetone from 

simple precursor molecules, respectively. 

3) Hitherto, only type III polyketides can be synthesized by engineered C. glutamicum strains. 

In the context of this study, functional expression of a codon-optimized gene variant encoding 

the type I polyketide synthase 6-methylsalicylic acid synthase ChlB1 from 

Streptomyces antibioticus of 1,756 amino acids size was achieved. This allowed for the 

synthesis of up to 41 mg/L (0.27 mM) 6-methylsalicylic acid. It was found that C. glutamicum 

has an endogenous phosphopantetheinyltransferase activity, which can post-translationally 

activate ChlB1. This makes C. glutamicum a promising host for the production of other 

interesting type I polyketides. 
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Zusammenfassung 

Polyketide sind eine Gruppe strukturell vielfältiger Naturprodukte mit interessanten 

gesundheitsfördernden Eigenschaften für den Menschen. Trotz aller strukturellen 

Unterschiede werden Polyketide aus einfachen CoA-aktivierten Carbonsäurederivaten wie 

Acetyl-CoA oder Malonyl-CoA nach einem mit der Fettsäurebiosynthese eng verwandten 

Mechanismus synthetisiert. Leider werden Polyketide im jeweiligen nativen Organismus nur in 

geringen Mengen produziert. Im Gegensatz dazu ist die heterologe mikrobielle Synthese mit 

entwickelten Bakterienstämmen ein vielversprechender Ansatz, um Zugang zu den 

gewünschten Produkten zu erhalten. In diesem Zusammenhang wurden kürzlich 

Corynebacterium glutamicum Stämme zur Synthese verschiedener pflanzlicher Polyketide wie 

Stilbene und Flavonoide konstruiert. Es zeigte sich jedoch bald, dass die intrazelluläre 

Verfügbarkeit von Malonyl-CoA die gesamte Produktbildung in diesen Stämmen limitiert. 

Daher war das Hauptziel dieser Arbeit die Optimierung der intrazellulären Malonyl-CoA 

Verfügbarkeit in C. glutamicum durch metabolic engineering. Darüber hinaus sollten die 

maßgeschneiderten Stämme für die Etablierung der Synthese biotechnologisch interessanter 

Polyketide verwendet werden. Folgende Ergebnisse wurden erzielt: 

1) Die Verringerung der Citrat-Synthase Aktivität auf 5,5 % im Vergleich zum C. glutamicum 

Wildtyp durch Promotoraustausch des kodierenden gltA-Gens, reduzierte den Verbrauch von 

Acetyl-CoA durch den Tricarbonsäurezyklus und verbesserte damit die Malonyl-CoA 

Verfügbarkeit. Durch die transkriptionelle Deregulierung von accBC und accD1, die für die zwei 

Untereinheiten der Acetyl-CoA Carboxylase kodieren, wurde die Malonyl-CoA-Synthese 

ausgehend von Acetyl-CoA drastisch verbessert, sodass letztendlich 65 mg/L (0,24 mM) 

Naringenin und 450 mg/L (1,97 mM) Resveratrol synthetisiert werden konnten. Darüber hinaus 

trugen die Verbesserung der Glukoseaufnahme und die Beseitigung der anaplerotischen 

Pyruvatcarboxylierungsreaktion weiterhin zu einer verbesserten Malonyl-CoA Verfügbarkeit im 

konstruierten Stamm C. glutamicum M-CoA bei. 

2) Durch episomale Expression von Genen, die für heterologe Typ III Polyketid Synthasen aus 

verschiedenen Pflanzenarten im konstruierten Stamm C. glutamicum M-CoA, konnte die 

mikrobielle Synthese eines Pentaketids (Noreugenin) aber auch von Phenylbutanoiden 

(Himbeerketon, Zingeron, Benzylaceton) mit einer ldhA-defizienten Variante nachgewiesen 

werden. Die jeweiligen Stämme erlaubten die Synthese von bis zu 53,32 mg/L (0,28 mM) 

Noreugenin, 100 mg/L (0,61 mM) Himbeerketon, 70,03 mg/L (0,36 mM) Zingeron und 

10,5 mg/L (0,07 mM) Benzylaceton aus einfachen Vorläufermolekülen.  

3) Bisher können nur Typ III Polyketide mit C. glutamicum-Stämmen synthetisiert werden. Im 

Rahmen dieser Studie wurde die funktionelle Expression einer codon-optimierten Genvariante 

erreicht, die für die Typ I Polyketid Synthase 6-Methylsalicylsäure Synthase ChlB1 aus 

Streptomyces antibioticus von 1756 Aminosäuren Größe kodiert. Dies ermöglichte die 

Synthese von 41 mg/L (0,27 mM) 6-Methylsalicylsäure. Weiterhin wurde festgestellt, dass 

C. glutamicum eine endogene Phosphopantetheinyltransferase besitzt, die ChlB1 post-

translational aktivieren kann. Dies macht C. glutamicum zu einem vielversprechenden 

mikrobiellen Wirt für die Synthese weiterer interessanter Typ I Polyketide.  
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1 Scientific context and key results of this thesis 

1.1 Polyketides – a highly diverse group of natural products with 

pharmacological relevance 

Even though more than 200,000 plant natural products are currently known – and probably 

many more are to be identified in the future – the group of polyketides is outstanding with 

regard to their structural diversity and the number of their clinical applications (Hopwood, 2009; 

Osbourn & Lanzotti, 2009; Robertsen & Musiol-Kroll, 2019; Wink, 2010). Polyketides comprise 

antibiotics (erythromycin A, azithromycin), anticancer drugs (enediynes), drugs for 

cardiovascular diseases (statins) and immunosuppressants (rapamycin) (Figure 1). Amongst 

known polyketides, more than 20 have been marketed, resembling a success rate of 0.3 % 

compared to standard pharmaceutical screenings (<0.001 %). In total, polyketide-derived 

pharmaceuticals make up 20 % of the top-selling drugs, generating a worldwide revenue of 

over 14 billion €, annually (Weissman & Leadlay, 2005). 

 

Figure 1: Chemical structure of various polyketides. 
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Despite their broad structural variety, all polyketides are synthesized by a mechanism closely 

related to fatty acid biosynthesis using simple CoA-activated carboxylic acid derivatives. 

Although first predictions on the synthesis mechanism of polyphenols, a major subgroup of 

polyketides, by the chemist James Collie around 1900 were accurate, Arthur Birch confirmed 

Collie’s predictions not before the 1950s (Birch et al., 1955; Birch & Donovan, 1953; Staunton 

& Weissman, 2001). By using the at that time novel technique of radionuclear labelling, he 

could demonstrate that 6-methylsalicylic acid (6-MSA) synthesis in Penicillium patulum 

originates from the head-to-tail linkage of acetic acid units. With the advent of NMR technology, 

scientist gained detailed insights into polyketide biosynthesis so that currently over 10,000 

structures have been elucidated.  

Soon it became clear, that the formed β-ketoacyl chain must be folded in vivo under enzymatic 

control to prevent premature cyclization at early stages of chain elongation (Harris & Harris, 

1977; Harris & Wittek, 1975). In fact, with regard to the overall enzyme architecture, there are 

remarkable homologies between polyketides synthases (PKSs) and fatty acid synthases 

(FASs) as involved enzymes. Thus, proceedings in one field often had immediate effects on 

the other (Smith & Tsai, 2007). 

Due to the similarities to fatty acid synthesis, the same nomenclature was adopted to classify 

PKSs (Austin & Noel, 2003). Based on the architecture and respective assembly lines, PKSs 

are classified into type I, II and III families. Mutuality of all PKSs is a β-keto synthase (KS) 

activity that catalyzes the sequential head-to-tail incorporation of two-carbon acetate units into 

a growing polyketide chain. Whereas the type I family comprises giant multifunctional 

polypeptides with multiple domains catalyzing the individual reaction steps, type II PKSs are 

enzyme complexes of dissociable, usually monofunctional enzymes (Hertweck, 2009). In 

accordance to FAS classification, type I PKSs predominantly occur in fungi and animals, 

whereas type II PKSs are commonly found in prokaryotes, especially actinomycetes. 

The general reaction scheme of type I and II PKSs involves a priming substrate, usually an 

acetyl or propionyl moiety derived from the respective CoA-thioester. The acyl group is 

transferred from the CoA moiety to the prosthetic phosphopantetheine group of the acyl carrier 

protein (ACP) domain by an acyl transferase (AT) domain (Figure 2). The essential post-

translational phosphopantetheinylation of the ACP domain is catalyzed by a 

phosphopantetheinyl transferase (PPTase), also required for the activation of fatty acid 

synthases (Beld et al., 2014). This phosphopantetheinyl residue serves as a flexible arm that 

moves the substrates and intermediates between the different the individual active sites of the 

PKS (Staunton & Weissman, 2001). 
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Figure 2: Schematic representation of the individual reaction steps of a typical type I polyketide 

synthase, here the 6-methylsalicylate synthase ChlB1 from Streptomyces antibioticus. ACP: acyl 
carrier protein, AT: acyl transferase, DH: dehydratase, KR: ketoreductase, KS: β-keto synthase. The 
smaller green sphere attached to the ACP domain represents the phosphopantetheinyl residue. 

Subsequently, the ACP-bound starter unit is transferred to the active site cysteine of the KS 

domain by the inherent transferase function of this domain leaving a free phosphopantetheinyl 

residue of the ACP domain. This starter substrate is subsequently elongated by repetitive 

decarboxylative Claisen condensations of malonyl or methylmalonyl extender units, creating a 

growing β-ketoacyl chain. In detail, the AT transfers a malonyl extender moiety from the 

thioester onto the free ACP. The KS domain catalyzes the Claisen condensation of the loaded 

starter and the delivered extender unit, driven by decarboxylation of the latter, resulting in a 

β-ketoacyl product bound to the ACP. Subsequently, optional processing of the β-carbon by 

ketoreductase (KR), dehydratase (DH) and enoyl reductase (ER) domains generates a 

saturated β-ketoacyl backbone incorporating complexity into the growing polyketide chain 

(Hertweck, 2009). After the first round of elongation is completed, these steps are repeated 

until a defined β-ketoacyl chain length is reached. Finally, the β-ketoacyl chain is released by 

a thioesterase (TE) domain from the enzyme complex and may be further modified. 

In contrast to large and multi-domain type I and II PKSs, homodimeric type III PKSs manage 

to define starter unit selection, chain elongation and cyclization patterns – despite their 

structural simplicity – solely by enzyme cavities and the architecture of a single KS-like active 



Scientific context and key results of this thesis 

4 

site (Austin & Noel, 2003; Hopwood, 2009). Interestingly, type III PKSs show a much broader 

acceptance of CoA-activated starter units, for instance phenylpropanoid thioesters such as 

p-coumaroyl-CoA, allowing for the generation of considerably great structural diversity. 

Type III PKSs are usually found in plants, but also bacterial and fungal enzymes have been 

identified in the past decade (Moore & Hopke, 2001; Pfeifer et al., 2001; Seshime et al., 2005). 

As this dissertation focusses on the application of type I and III PKSs, relevant examples and 

peculiarities are described in more detail in the following chapters. 

1.2 Polyketide synthases 

1.2.1 Type I polyketide synthases are large multi-domain enzymes 

The family of type I PKSs is subdivided into iterative and non-iterative or modular PKSs. In 

iterative PKSs, the KS domain catalyzes more than one round of chain elongation. Depending 

on the presence of β-ketoacyl processing domains, type I PKSs can be further classified into 

non-reducing, partially reducing and highly reducing subfamilies. Although typically found in 

fungi, there are examples of bacterial iterative type I PKSs such as the 6-methylsalicylic acid 

synthase ChlB1 from Streptomyces antibioticus harboring characteristic KS, AT, DH, KR and 

ACP domains in a single polypeptide chain of 1,756 amino acids (Shao et al., 2006). It has 

been shown that this enzyme synthesizes 6-MSA from one molecule of acetyl-CoA and three 

malonyl-CoA extender units, also partially reducing the nascent polyketide chain (Figure 2). 

In contrast, non-iterative so called megasynthases of bacterial origin consist of several 

individual elongation modules, each harboring KS, AT and ACP and optional β-keto processing 

domains (Hertweck, 2009). According to the principle of colinearity, one module catalyzes only 

a single elongation step, allowing for deducing the polyketide structure from the enzyme 

architecture and vice versa. These class of PKSs is notorious for harboring gigantic enzyme 

complexes such as the erythromycin PKS from Saccharopolyspora erythraea, which consists 

of three individual multienzyme polypeptides each of ~350 kDa size (Staunton & Weissman, 

2001). Even this PKS is easily surpassed by the size of the PKS machinery involved in the 

biosynthesis of the immunosuppressant rapamycin in Streptomyces hygroscopicus 

(Schwecke et al., 1995). In total, 70 active sites divided into 14 modules with a total size of 

2.63 MDa make this PKS one of the largest enzyme complexes known to date. 

1.2.2 Small but versatile – type III polyketide synthases 

Type III PKSs, also known as the chalcone synthase (CHS) / stilbene synthase (STS) 

superfamily, resemble a class of ubiquitous enzymes found in higher plants. CHSs catalyze 

the initial step in flavonoid biosynthesis, resembling a major subfamiliy of polyphenols besides 

stilbenoids, which are synthesized by STSs (Austin & Noel, 2003). 
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Derived from the aromatic amino acid metabolism, L-phenylalanine or L-tyrosine are initially 

non-oxidatively deaminated in planta (Figure 3). Catalyzed by phenylalanine ammonia lyases 

(PAL) or tyrosine ammonia lyases (TAL), the phenylpropanoids cinnamic acid or p-coumaric 

acid are yielded, respectively. In plants however, this reaction is often catalyzed by a 

bifunctional enzyme, where PAL activity dominates (Barros et al., 2016). Following 

deamination of L-phenylalanine, cinnamic acid is hydroxylated by a cytochrome 

P450-dependent cinnamic acid-4-hydroxylase (C4H) generating p-coumaric acid (Rodrigues 

et al., 2015; Watts et al., 2004). Subsequently, phenylpropanoids are CoA-activated in an 

ATP-dependent reaction by a 4-coumarate: CoA ligase (4CL). Finally, by iterative 

decarboxylation and condensation of three malonyl-CoA extender units with a starting 

p-coumaroyl-CoA, the bicyclic naringenin chalcone is formed by CHS, which is subsequently 

cyclized to the tricyclic (2S)-flavanone naringenin by a chalcone isomerase (CHI) (Jez & Noel, 

2002). 

 

Figure 3: Synthesis of p-coumaric acid from aromatic amino acids L-tyrosine and 

L-phenylalanine and subsequent synthesis of stilbenes and chalcones catalyzed by type III 

PKSs. The intramolecular C6-C1 Claisen condensation catalyzed by CHS is indicated by an orange 
arrow; the intramolecular C2-C7 Aldol condensation catalyzed by an STS is indicated by a green arrow. 
4CL: 4-coumarate: CoA ligase, C4H: cinnamic acid 4-hydroxylase (cytochrome P450 monooxygenase), 
CHI: chalcone isomerase, CHS: chalcone synthase, PAL: phenylalanine ammonia lyase, STS: stilbene 
synthase, TAL: tyrosine ammonia lyase. 
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From here, flavonoids branch into the different subgroups, which are utilized by plants for the 

purpose of antimicrobial defense, protection against UV radiation, petal pigmentation and also 

induction of symbiotic root nodulation with Rhizobium bacteria (Austin & Noel, 2003). Due to 

their antioxidant characteristics, polyphenols in general demonstrate a plethora of beneficial 

effects on human health including anti-inflammatory or anti-cancerous traits, prevention or 

treatment of cardiovascular and neurodegenerative diseases, diabetes but also obesity 

(Khurana et al., 2013; Pandey & Rizvi, 2009). In this context, naringenin in particular is a 

promising therapeutic agent as demonstrated by in vitro and in vivo animal studies but also 

first clinical trials (Salehi et al., 2019; Zaidun et al., 2018). 

Type III PKSs strictly differ from their large type I and II counterparts, not only by their unique 

architecture, but also by the absence of phosphopantetheinylation required for enzymatic 

activity or even ACP domains (Abe & Morita, 2010; Austin & Noel, 2003). It is assumed that 

the CHS/STS superfamily originates from a gain of function mutation from a homodimeric KS 

domain of modular type II FAS, originally catalyzing the initial chain elongation generating 

C4 intermediates (Austin & Noel, 2003; Jaworski et al., 1989; Walsh et al., 1990). Besides the 

catalytic cysteine, an asparagine and a histidine residue are involved in the characteristic 

formation of a catalytic C-N-H triad (Ferrer et al., 1999). The reaction sequence is initiated by 

binding of the p-coumaroyl moiety to the nucleophilic cysteine. Subsequently, the asparagine 

and histidine residues facilitate correct orientation and decarboxylation of malonyl-CoA 

providing the prerequisite for following chain elongation. This reaction is repeated until a 

tetraketide intermediate is formed, which is subsequently cyclized by intramolecular C6-C1 

Claisen condensation yielding naringenin chalcone (Figure 3) (Ferrer et al., 1999; Jez et al., 

2000).  

Despite producing the same tetraketide intermediate from p-coumaroyl-CoA and three 

molecules of malonyl-CoA, STSs generate structurally clearly different molecules than CHSs. 

In contrast to CHSs, STSs catalyze an intramolecular C2-C7 aldol cyclization yielding bicyclic 

stilbenes such as resveratrol (Figure 3) (Austin et al., 2004; Shomura et al., 2005). Unlike 

predicted to be under steric control, aldol cyclization was demonstrated to be rather 

electronically mediated. Whereas C6-C1 cyclization automatically results in the cleavage of 

the C1 thioester bond, C2-C7 cyclization requires not only a thioesterase-like hydrolysis step 

to cleave the C1 thioester linkage from the catalytically active cysteine but also an additional 

decarboxylation. In STSs, a hydrogen bonding network generating a hydroxide anion – termed 

as aldol switch – was shown to have a thioesterase-like activity promoting the hydrolytic 

cleavage of the C1 thioester bond. 

Resveratrol is a good example for the pharmacological potential of polyphenols. Besides 

mentioned anti-cancerous and antidiabetic characteristics, antioxidant properties of resveratrol 
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have been used to explain the ‘French paradox’, which links the moderate consumption of red 

wine, usually characterized by a high resveratrol content (1 – 5 mg/L), to low mortality caused 

by cardiovascular diseases of the South European population (Frankel et al., 1993; Renaud & 

De Lorgeril, 1992; Vestergaard & Ingmer, 2019). However, subsequent research queried this 

explanation as the consumed dose of resveratrol seems to be insufficient to explain this 

paradox. In general, it is doubtful whether the French paradox exists or if it is actually a 

statistical illusion. (Goldberg et al., 2003; Law & Wald, 1999; Rimm et al., 1996) Nonetheless, 

this led to a successful marketing of resveratrol as a dietary supplement (Catalgol et al., 2012). 

Besides STSs, additional functionally divergent type III PKSs emerged from CHSs during 

evolution (Abe & Morita, 2010). Not only the number of iterative elongation cycles, but also the 

range of accepted CoA-thioester starter units has evolved. Among these emerged type III 

PKSs are the benzalacetone synthase (BAS) from Chinese rhubarb (Rheum palmatum) as 

well as the pentaketide chromone synthase (PCS) from the medicinal plant Aloe arborescens. 

The following examples illustrate the importance of the active site cavity architecture for starter 

unit selection, chain elongation and cyclization patterns. 

BAS from R. palmatum was demonstrated to catalyze the condensation of p-coumaroyl-CoA 

and one molecule of malonyl-CoA generating the diketide p-hydroxybenzalacetone (pHBA), 

which is the precursor for phenylbutanoids such as raspberry ketone (Figure 1) (Abe et al., 

2001; Borejsza-Wysocki & Hrazdina, 1996, 1994). Raspberry ketone has not only gained 

commercial relevance as a natural flavoring agent providing the typical scent and flavor of ripe 

raspberries, but also as a dietary and cosmetic supplement (Beekwilder et al., 2007; Kim et 

al., 2016; Morimoto et al., 2005). Low abundance in raspberries and legal regulations are the 

reason for the high costs of natural raspberry ketone creating a potential market value of 6 to 

10 million € (European Council, 2008; Häkkinen et al., 2015; Vandamme & Soetaert, 2002). 

Opposed to all known CHSs, a gatekeeping phenylalanine residue probably involved in 

p-coumaroyl-CoA orientation and facilitating decarboxylation is uniquely replaced by leucine 

(F208L) in BAS from R. palmatum (T. Abe et al., 2007). This impedes proper locking of 

p-coumaroyl-CoA in the traditional binding pocket. Instead, a novel active site pocket locks the 

aromatic moiety. Mutagenesis studies of this particular phenylalanine residue demonstrated 

restoration of CHS activity, suggesting to be involved in the termination of chain elongation at 

the diketide stage (T. Abe et al., 2007; Shimokawa et al., 2010).  

Yet another interesting example for the evolutionary divergence of type III PKS is the PCS from 

A. arborescens, catalyzing the iterative decarboxylative condensation of five malonyl-CoA 

molecules yielding one molecule of the pentaketide noreugenin, which serves as precursor for 

the synthesis of the antiasthmatic furochromones khellin and visnagin (Figure 1) (Abe et al., 

2005; Dewick, 2002). Although the catalytic C-N-H triad is conserved in PCS and 
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p-coumaroyl-CoA is accepted in vitro as CoA-thioester starter unit, PCS only produces triketide 

and tetraketide α−pyrones bisnoryangionin and p-coumaroyl triacetic acid lactone in contrast 

to naringenin chalcone synthesized by CHSs (Abe et al., 2005). Extensive elucidation of the 

PCS active site cavity not only demonstrated a three-fold smaller cavity volume compared to 

the CHS from Medicago sativa, but also a glycine to leucine amino acid substitution (G266L) 

appearing to be specific for utilizing acetyl- or malonyl-CoA starter units (Morita et al., 2007). 

Moreover, amino acid substitutions drastically expanding the active site cavity volume were 

demonstrated to allow for the synthesis octaketides and a nonaketide (I. Abe et al., 2007). 

These findings clearly support the idea that enzyme cavities and architectures of type III PKSs, 

often drastically influenced by single amino acid substitutions, are of utter importance for starter 

unit selection, chain elongation and cyclization. 

1.3 Access to polyketides 

Common limitation for further pharmacological investigations and/or marketing of type I - and 

III polyketides is often the extraction of the respective compound from its natural sources such 

as plants (Chemler & Koffas, 2008). Polyketides tend to accumulate to low quantities, which 

are further subject to seasonal and regional changes. A further complication is that the desired 

polyketide must be separated from a large number of structurally similar molecules. On the 

other hand, total chemical synthesis routes exist, but are typically commercially unfeasible 

considering the increasing complexity of polyketide structures (Marienhagen & Bott, 2013).  

A promising third route to obtain polyketides of interest, is the synthesis with engineered 

microbial hosts. Microbial synthesis is not only based on inexpensive renewable feedstocks, it 

furthermore profits from rapid microbial growth, which drastically reduces the overall process 

time. In addition, microbial synthesis is usually more environmentally friendly opposed to 

chemical synthesis, as it avoids using organic solvents, heavy metal catalysts and strong acids 

or bases (Marienhagen & Bott, 2013).  

1.4 Current status of microbial polyketide synthesis 

Despite having numerous advantages over traditional extraction from plant material and 

chemical synthesis, microbial polyketide production features its own challenges. These are 

either specific for certain PKS subfamilies, but can also be limiting for polyketide synthesis in 

general. This includes the construction of biosynthetic pathways in the microbial host as well 

as tailoring the metabolism of this host towards desired needs, such as improved precursor 

availability (Lussier et al., 2012). 

Type III PKS such as CHS, STS and BAS, rely on phenylpropanoid-derived CoA-thioester 

starter units. In plants, p-coumaric acid is mainly derived from deamination and hydroxylation 
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of L-phenylalanine by PAL and C4H. Currently, no C4H enzyme has been functionally 

expressed in prokaryotic organisms (Rodrigues et al., 2015; Watts et al., 2004). Hence, 

heterologous TAL activity for the formation of p-coumaric acid by deaminating L-tyrosine has 

been established in microorganisms (Kallscheuer et al., 2016b; Leonard et al., 2008; Wu et 

al., 2014b; Xu et al., 2011). Here, prerequisite for enabling efficient p-coumaric acid supply by 

a TAL activity, is to ensure availability of free L-tyrosine. Similar to other amino acid biosynthetic 

pathways, the shikimate pathway generating aromatic amino acids is mostly feedback-

regulated by inhibition of the 3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) synthase, 

which catalyzes the initial step of the shikimate pathway (Herrmann & Weaver, 1999; Ikeda, 

2006). This regulation is usually circumvented by the application of feedback-resistant 

isoenzymes, which allow for high fluxes through the desired pathways (Kallscheuer et al., 

2016b; Luttik et al., 2008; Ray et al., 1988). Unfortunately, even upon L-tyrosine 

supplementation, low enzymatic activity of both heterologous PALs and TALs is regarded as 

a bottleneck in the production of phenylpropanoid-derived polyketides (Eudes et al., 2013; 

Kallscheuer et al., 2016b; Lin & Yan, 2012; Zhou et al., 2016). To overcome this, directed 

evolution of an aromatic amino acid ammonia lyase (XAL) by combination of transcriptional 

biosensors and fluorescence activated cell sorting (FACS) was performed to isolate PAL 

variants with improved activity in Escherichia coli and in vitro (Flachbart et al., 2019). The 

advent of such techniques enables fast identification of muteins with desired characteristics. 

To date, these two bottlenecks are usually circumvented by the supplementation of p-coumaric 

acid. 

In general, metabolization of pathway intermediates by the host organism is detrimental for 

product synthesis. In this context, the phd gene cluster, enabling utilization of 

phenylpropanoids such as p-coumaric acid or ferulic acid as sole carbon and energy source in 

C. glutamicum, was identified during metabolic engineering towards polyphenolic polyketide 

synthesis (Kallscheuer et al., 2016a). Deletion of this catabolic pathway was prerequisite for 

enabling polyphenolic polyketide synthesis using this bacterium (Kallscheuer et al., 2016b). In 

E. coli the transport of phenylpropanoid precursors is considered to be subject to catabolic 

repression (Watts et al., 2006). 

In contrast to type III PKSs, type I PKSs feature a distinct ACP domain, that requires to be 

post-translationally phosphopantetheinylated by a PPTase for activity (Pfeifer & Khosla, 2001). 

Although PPTases are present in all domains of life, perhaps with exception of archaea, the 

individual enzymes have different specific configurations or act on a varying range of 

polypeptides (Beld et al., 2014). Whereas the PPTase from E. coli has a relatively tight 

selectivity, PPTase Sfp from Bacillus subtilis can activate a broad spectrum of PKSs as well 

as nonribosomal peptide synthetases (Lambalot et al., 1996; Pfeifer & Khosla, 2001). 
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Therefore, choice of the PPTase is often crucial for heterologous PKS activity. In addition, the 

size of type I PKSs appears to be challenging for the respective host’s gene expression 

machinery as often only insoluble protein aggregates are formed. 

Despite significant differences in enzyme architecture and resulting characteristics of different 

PKSs types, the scope of extender units is rather small with malonyl-CoA, whose synthesis 

resembles the first committed step of fatty acid synthesis, being the most prominent (Chan et 

al., 2009). Studies have shown that a low intracellular malonyl-CoA availability is the decisive 

bottleneck for the efficient synthesis of polyketides (Marienhagen & Bott, 2013; Palmer & Alper, 

2018; Pandey et al., 2016; van Summeren-Wesenhagen & Marienhagen, 2015). In bacteria 

and yeast, malonyl-CoA is almost exclusively used for fatty acid synthesis and therefore its 

intracellular availability is strictly regulated (Brownsey et al., 2006; Cronan & Thomas, 2009; 

Tehlivets et al., 2007). In general, metabolic engineering strategies to increase malonyl-CoA 

availability either aim for improving its formation or at decreasing its consumption in fatty acid 

biosynthesis. 

In order to reduce undesired malonyl-CoA consumption, supplementation of the potent FAS 

inhibitor cerulenin can be used, which allows for an increased synthesis of polyphenolic 

polyketides in E. coli and C. glutamicum (Kallscheuer et al., 2016b; Leonard et al., 2008; 

Santos et al., 2011; van Summeren-Wesenhagen & Marienhagen, 2015). Although efficiently 

improving malonyl-CoA availability, the high costs (23 € per mg) as well as a pronounced 

growth-inhibiting effect of cerulenin due to rapid depletion of fatty acids render this strategy 

unsuitable for large-scale applications. Alternatively, post-transcriptional downregulation of 

genes involved in fatty acid synthesis in E. coli using antisense RNAs, small regulatory RNAs 

or CRISPR interference were demonstrated to improve naringenin, resveratrol and pinosylvin 

synthesis (Cress et al., 2015; Liang et al., 2016; Wu et al., 2015, 2014a; Yang et al., 2018, 

2015). 

In most organisms, malonyl-CoA is exclusively synthesized by the carboxylation of acetyl-CoA 

catalyzed by the acetyl-CoA carboxylase (ACC). Hence, increasing both, the substrate 

availability by tailoring the central carbon metabolism as well as ACC activity, contributed to 

increased synthesis of malonyl-CoA-dependent products. Increasing flux through the glycolytic 

pathway by genes encoding the phosphoglycerate kinase and pyruvate dehydrogenase added 

to the almost 6-fold increased final volumetric production of 474 mg/L (1.74 mM) naringenin 

using E. coli (Xu et al., 2011). With the advent of computational metabolic models, various 

gene knock-out combinations were predicted and verified to increase availability of acetyl-CoA 

and ultimately malonyl-CoA. In both, E. coli and C. glutamicum, interruption of the tricarboxylic 

acid (TCA) cycle by deletion of succinate dehydrogenase complex encoding genes was shown 

to reduce the consumption of acetyl-CoA allowing for the 2-fold increased naringenin synthesis 
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in both organisms (Fowler et al., 2009; Hartmann et al., 2017). Combinatorial deletion of 

predicted target genes adhE, brnQ and citE in the particular sdhA-deficient E. coli strain led to 

an overall 3-fold increased synthesis of 215 mg/L (0.79 mM) naringenin over the parental 

strain. 

Increasing ACC activity is mandatory to unleash synergistic effects of increased acetyl-CoA 

availability for improved malonyl-CoA supply. In this context, expression of ACC encoding 

genes of various origin was demonstrated to contribute to an increased intracellular 

malonyl-CoA availability (Leonard et al., 2007; Miyahisa et al., 2005; Shi et al., 2014; Shin et 

al., 2012). Here, streamlining the carbon flux in E. coli towards acetyl-CoA by abolishing 

formation of by-products acetate and ethanol in combination with improving ACC activity was 

demonstrated to contribute to the 15-fold increased malonyl-CoA availability, ultimately 

allowing for a 2.5-fold increase in phloroglucinol synthesis (Zha et al., 2009). Alternatively, the 

ACC independent formation of malonyl-CoA by exploiting a malonate assimilation pathway 

from Rhizobium trifolii increased microbial synthesis of the polyphenolic polyketide 

pinocembrin up to 15-fold (final titer 480 mg/L, 1.88 mM) using E. coli (An & Kim, 1998; 

Leonard et al., 2008; Wu et al., 2013). 

One successful example for the relevance of microbial synthesis for the supply of polyketides 

is the commercialization of resveratrol obtained from engineered yeast (Evolva, 2019). 

Furthermore, cultivation of Streptomyces natalensis for the synthesis of the antifungal agent 

natamycin, which is used as food preservative for cheese and sausages (Farid et al., 2000). 

The blood cholesterol lowering lovastatin is mainly obtained by submerged cultivation of 

filamentous fungi including Aspergillus terreus, Monascus ruber and various Penicillium 

species (Manzoni & Rollini, 2002). 

1.5 Corynebacterium glutamicum – a promising host for polyketide synthesis? 

1.5.1 Industrial relevance of C. glutamicum 

C. glutamicum was isolated 1956 from soil samples in a research project aiming for the 

identification of glutamic acid-secreting microorganisms and was subsequently applied in an 

industrial setting for amino acid production by Kyowa Hakko Kogyo Ltd (Kinoshita et al., 1957; 

Yukawa & Inui, 2013). The Gram-positive, non-motile and biotin-auxotrophic actinobacterium, 

is a non-pathogenic representative of Corynebacterineae serving as model organism for 

studying closely related pathogenic species Mycobacterium tuberculosis, 

Mycobacterium leprae or Corynebacterium diphtheriae (Stackebrandt et al., 1997). 

Characteristic property of this actinobacterial suborder is its unique cell wall structure. In 

addition to N-acetylmuraminic acid and N-acetylglucosamine, the cell wall consists of 
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arabinogalactan and mycolic acids, forming a lipid monolayer similar to the outer membrane 

of Gram-negative bacteria (Brennan & Nikaido, 1995; McNeil et al., 1990). 

Several features, such as comparatively high growth rates or the possibility to reach high cell 

densities in defined media helped to make C. glutamicum a relevant industrial microbial host 

of white biotechnology since its isolation (Eggeling & Bott, 2005; Kalinowski et al., 2003; 

Yukawa & Inui, 2013). Genetic accessibility, availability of plasmids and strong promoters 

allowed for tailoring this microorganism towards industrial scale synthesis of commercial 

products. Additionally, C. glutamicum does not produce endotoxins, thus fermentation 

products are generally recognized as safe (GRAS status) (Baritugo et al., 2018). Today, 

C. glutamicum has become a workhorse for the production of several proteinogenic amino 

acids (Yukawa & Inui, 2013). Currently, optimized strains are used for the production of up to 

3.1 million tons L-glutamate, 2.4 million tons L-lysine and 1 million tons D,L-methionine (Lee & 

Wendisch, 2017). Extensive metabolic engineering of C. glutamicum led to the availability of 

additional strains for the synthesis of L-leucine, L-valine, L-arginine but also D,L-serine 

(Hirasawa & Shimizu, 2016; Stäbler et al., 2011; Vogt et al., 2014). 

Beyond that, the product portfolio of C. glutamicum has been expanded in the past decade to 

alcohols (ethanol, butanol, isobutanol, 2-methyl-1-butanol and 3-methyl-1-butanol) and 

organic acids (xylonate, α-ketoglutarate, succinate, hydroxybenzoic acids) (Blombach et al., 

2011; Kallscheuer & Marienhagen, 2018; Litsanov et al., 2012; Tenhaef et al., 2018; Vogt et 

al., 2016; Yukawa & Inui, 2013). To date, approximately 70 natural and non-natural compounds 

can be synthesized with engineered C. glutamicum cell factories (Becker et al., 2018). 

1.5.2 Malonyl-CoA-dependent synthesis of polyphenolic polyketides with 

C. glutamicum 

Naturally, C. glutamicum shows high resistance to a variety of aromatics, partly due to the 

activity of a catabolic network for such compounds (Palmer & Alper, 2018; Shen et al., 2012). 

Despite of being devoid of said aromatic degradation pathways, the constructed platform strain 

C. glutamicum DelAro4 PT7-4clPcCg still tolerates the supplementation of at least 5 mM 

p-coumaric acid in shaking flask cultivations during the synthesis of polyphenolic polyketides 

such as naringenin, resveratrol, pterostilbene and kaempferol (Kallscheuer et al., 2017, 2016a, 

2016b). This is in the range of supplemented p-coumaric acid concentrations reported for other 

microbial hosts such as Streptomyces venezulae (1.2 mM), E. coli (2.6 mM) and 

Saccharomyces cerevisiae (5 mM) (Beekwilder et al., 2006; Park et al., 2009; Xu et al., 2011). 

Expression of plant-derived codon-optimized genes encoding 4CL and STS enabled the 

synthesis of 12 mg/L resveratrol (Kallscheuer et al., 2016b). As observed for other microbial 

hosts, synthesis of polyketides was limited by the intracellular availability of malonyl-CoA. To 
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improve malonyl-CoA accessibility, its consumption via fatty acid synthesis was inhibited by 

addition of 25 µM cerulenin. As a result, up to 158 mg/L resveratrol accumulated during 

cultivations of the engineered C. glutamicum production strain. Utilizing the same strategy for 

the synthesis of naringenin, up to 35 mg/L naringenin were produced upon heterologous 

expression of genes encoding 4CL-, CHS- and CHI- activities. 

Under physiological conditions, the sole fate of malonyl-CoA in the metabolism of 

C. glutamicum is the incorporation as extender unit for de novo fatty acid synthesis (Gago et 

al., 2011). Opposed to bacteria in general and interestingly also opposed to the closely related 

Mycobacteria and Streptomyces, all Corynebacteria lack functional type II FAS systems. 

Instead, they exclusively feature functional type I fatty acid synthases (Gago et al., 2011; 

Radmacher et al., 2005). C. glutamicum harbors an essential (FasA) and a supplementary 

(FasB) FAS that are both required to generate the characteristic lipid environment. Here, 

absence of FasA was shown to result in oleate auxotrophy, whereas FasB deficiency reduces 

synthesis of palmitate and causes the absence of thereof derived mycolic acids (Radmacher 

et al., 2005). 

The initial step of fatty acid synthesis is the carboxylation of acetyl-CoA yielding malonyl-CoA. 

Here, the key enzyme is the ACC comprised of three different domains catalyzing two distinct 

reaction steps (Cronan & Waldrop, 2002). An ATP-dependent biotin carboxylase (BC) domain 

catalyzes the transfer of a carboxyl group to biotin, which is covalently attached to the biotin 

carboxyl carrier protein (BCCP) domain over a lysine residue, forming carboxybiotin and 

finishing the first reaction (Figure 4). The flexible arm of biotin transports CO2 between the BC 

domain and the carboxyltransferase (CT) domain, which catalyzes the second half reaction 

where the carboxygroup is transferred to acetyl-CoA eventually forming malonyl-CoA. 

 

Figure 4: Schematic representation of the two-step mechanism catalyzed by the acetyl-CoA 

carboxylase from C. glutamicum. BC: biotin carboxylase, BCCP: biotin carboxyl carrier protein, CT: 
carboxyltransferase. 
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Similar to the enzymatic architecture of FAS, mammalian, fungal and plant cytosolic ACCs are 

single polypeptide chains possessing the three domains. In contrast, bacterial and plant 

chloroplastic ACCs are organized as complexes of distinct dissociable polypeptides (Cronan 

& Waldrop, 2002). The ACC complex of E. coli consists of four separate polypeptides AccC 

(BC domain), AccB (BCCP domain), AccA and AccD (CT-α and CT-β domain) providing the 

three domains (Guchhait et al., 1974; Li et al., 1992; Li & Cronan, 1992a, 1992b). Not only in 

Mycobacteria and Streptomyces, but also in C. glutamicum BC and BCCP domains are 

organized as a single polypeptide (α-subunit), a separate CT domain polypeptide (β-subunit) 

and a small ε-peptide (Gande et al., 2007). In C. glutamicum, accBC (cg0802), accD1 (cg0812) 

and accE (cg0810) encode the α-, β- and ε-subunit, respectively (Nickel et al., 2010). 

Interestingly, accE is not essential for ACC activity in this bacterium (Miyahisa et al., 2005). 

In addition to accD1, C. glutamicum harbors three additional genes (accD2-4) encoding 

β-subunits with CT activity (Gande et al., 2007, 2004). In combination with the same AccBC 

and AccE of the ACC complex, AccD2 and AccD3 constitute an acyl carboxylase essential for 

the corynomycolic acid synthesis. Although cell extract assays point towards AccD4 having a 

carboxylase activity, the absence of a phenotype of an accD4 mutant led to the suggestion 

that AccD4 is not directly involved in lipid biosynthesis (Gande et al., 2004). 

As in other organisms, fatty acid synthesis is transcriptionally regulated in C. glutamicum 

(Nickel et al., 2010; Schujman et al., 2006). The TetR-type transcriptional repressor FasR binds 

to a highly conserved fasO motif upstream of accBC, accD1, fasA and fasB, thus preventing 

transcription of fatty acid synthesis key genes. Here, acyl-CoA thioesters (oleoyl-CoA and 

palmitoyl-CoA) are regarded as effectors interacting with FasR (Irzik et al., 2014). A 

FasR-S20N mutant, characterized by increased transcript levels of accD1, fasA and fasB was 

shown to drastically improve fatty acid production, mainly oleic acid (Takeno et al., 2013). The 

amino acid substitution was postulated to either interfere with formation of the FasR-acyl-CoA 

complex or binding of the repressor-effector complex to the fasO motifs, both resulting in the 

derepression of controlled genes. Furthermore, extensive mutational studies of the fasO motif 

revealed essential nucleotides for the interaction with FasR (Nickel et al., 2010).  

In S. cerevisiae, phosphorylation of the single polypeptide ACC was demonstrated to 

post-translationally regulate enzyme activity (Shi et al., 2014). Interestingly, generation of a 

C. glutamicum phosphoproteome map revealed phosphorylation of the α-subunit AccBC 

(Bendt et al., 2003). However, there is no experimental data whether this modification affects 

ACC activity. 
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1.6 Aims of this thesis 

The major objective of this thesis is to unleash the potential of C. glutamicum platform strains 

for the microbial synthesis of polyketides by increasing the intracellular malonyl-CoA 

availability. By following strategies of rational metabolic engineering, including deletion, 

overexpression, de- and downregulation of genes encoding key enzymes in the central carbon 

and fatty acid metabolism, C. glutamicum should be tailored towards the cerulenin-

independent increased supply of malonyl-CoA. Furthermore, the product portfolio synthesized 

with the engineered C. glutamicum cell factory should be expanded to additional 

biotechnologically interesting type III polyketides such as phenylbutanoids and chromonones, 

but also to yet untapped type I polyketides. 

1.7 Key results on engineering C. glutamicum for increased malonyl-CoA 

availability for polyketide synthesis 

1.7.1 Increasing acetyl-CoA supply is essential for improving intracellular 

malonyl-CoA availability 

(Milke et al. 2019a, cf. chapter 2.2; Milke et al. 2019b, cf. chapter 2.3) 

Starting point for this thesis was the previously constructed C. glutamicum DelAro4 PT7-4clPcCg 

platform strain, harboring a chromosomally integrated codon-optimized gene variant encoding 

4CL from Petroselinum crispum under control of the inducible T7 promotor (PT7-4clPcCg). In 

order to improve the established synthesis of plant polyphenolic polyketides resveratrol and 

naringenin, efforts aimed for increasing malonyl-CoA availability by rational modulation of the 

central carbon metabolism. To evaluate a modifications impact on malonyl-CoA availability, 

naringenin as a malonyl-CoA dependent polyphenolic polyketide was chosen as a reporter 

molecule. Therefore, engineered strains were transformed using the existing plasmid 

pMKEx2-chsPhCg-chiPhCg providing codon-optimized genes encoding CHS and CHI from 

Petunia x hybrida, organized as a synthetic operon under control of the inducible T7 promotor 

(chsPhCg-chiPhCg). Subsequently, constructed strains were cultivated in defined CGXII medium 

with 4 % glucose supplemented with 5 mM p-coumaric acid as well as 1 mM isopropyl-β‐D‐

thiogalactopyranoside (IPTG). Naringenin was extracted from the cultivation broth using ethyl 

acetate and subsequently analyzed by LC-MS. When the titer was increased compared to the 

control strain, a beneficial impact on malonyl-CoA supply was attributed to a particular 

modification. 

Initially, the sdhCAB operon encoding the subunits of the succinate dehydrogenase complex 

was deleted, which had only a neglectable positive effect on naringenin synthesis. However, 

since both, growth rate and in particular biomass formation were reduced upon loss of this 
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operon, this deletion can be regarded as rather disadvantageous. Nevertheless, these results 

indicated that the TCA cycle indeed represents a promising target to increase acetyl-CoA and 

ultimately malonyl-CoA availability.  

 

Figure 5: Metabolic engineering of the central carbon metabolism of C. glutamicum towards 

increased malonyl-CoA availability for polyketide synthesis. ACC: acetyl-CoA carboxylase; CS: 
citrate synthase; FAS: fatty acid synthase; FasR: transcriptional repressor of accBC, accD1, fasIA and 
fasIB, all involved in fatty acid synthesis; IolR: transcriptional repressor of genes involved in myo-inositol 
catabolism; IolT1: glucose/myo-inositol permease; PDHC: pyruvate dehydrogenase complex; PKS: 
polyketide synthase; PYC: pyruvate carboxylase; TCA: tricarboxylic acid, Eliminated enzymatic 
reactions (black) or regulatory circuits (red): crossed out; reduced enzyme/pathway activity: grey. 

In contrast to closely related Mycobacteria, C. glutamicum harbors only a single citrate 

synthase (CS) as the pace-making enzyme of the TCA cycle, which is encoded by the essential 

gltA gene (cg0949). CS catalyzes the condensation of acetyl-CoA and oxaloacetate yielding 

citrate (Figure 5). Therefore, a reduced CS activity could be beneficial to enhance acetyl-CoA 

availability to ultimately also improve malonyl-CoA biosynthesis. Previously, it was 

demonstrated that exchanging the promotor of the gltA gene with three candidates from a set 

of synthetic promotor variants of the dihydrodipicinolate synthase gene dapA (PdapA) decreased 

CS activity and in turn increased acetyl-CoA supply. (van Ooyen et al., 2012). Thus, 

exchanging the promotor of the gltA gene might also improve malonyl-CoA availability and 

ultimately polyphenolic polyketide synthesis. 

Individual exchange of the native gltA promotor PgltA against the three variants PdapA-A16, 

PdapA-L1 and PdapA-C7 reduced CS activity to 32 %, 16 % and 10 % compared to C. glutamicum 

wild-type CS activity, respectively. Further characterization with regard to growth rate and 

biomass formation demonstrated that C. glutamicum DelAro4 PT7-4clPcCg reacts quite robust to 

reduced CS activities. Biomass formation in all constructed strains was barely distinguishable 

from the parental strain (OD600 = 55.2 ± 1.7). Even the strain with only 10 % residual CS activity 

(C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C7) still maintained a growth rate of 
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0.24 ± 0.02 h-1 compared to the parental strain’s growth rate (µ = 0.32 ± 0.01 h-1). Whereas the 

parental strain produced only 2 mg/L (0.007 mM) naringenin, the engineered strains with 32 % 

and 16 % residual CS activity already produced 5 mg/L (0.018 mM) and 12 mg/L (0.044 mM) 

naringenin. Using the constructed strain C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C7 with 

10 % residual CS activity, naringenin synthesis was improved almost ten-fold to 19 mg/L 

(0.07 mM). Summarizing, LC-MS analysis showed antiproportional correlation of residual CS 

activities and naringenin titers. 

However, since the assessment of malonyl-CoA availability by the synthesis of reporter 

molecules such as naringenin is a well-established but only an indirect method, an 

LC-MS/MS-based method for direct quantification of the intracellular malonyl-CoA pool was 

established. As malonyl-CoA spontaneously hydrolyses under the experimental conditions 

yielding malonate, the free acid was used to determine malonyl-CoA availability. In 

consideration of current knowledge, C. glutamicum is not capable of synthesizing or degrading 

malonate, suggesting that detected malonate solely originates from spontaneous decay of 

malonyl-CoA as a consequence of the sample treatment during LC-MS/MS analysis. Indeed, 

the engineered strains either harboring the PdapA-L1 or PdapA-C7 promotor variant controlling 

gltA expression showed 1.6- and 1.9-fold increased integrated malonate signals compared the 

parental strain (Figure 6).  

 

Figure 6: LC‐MS/MS analysis of intracellular malonate concentrations. Areas for malonate 
acquired by LC‐MS/MS analysis of cytoplasmatic extracts are plotted against the determined naringenin 
concentration during cultivation of the respective strains. The plotted naringenin concentrations 
represent mean values with standard deviations from biological triplicates, whereas the obtained 
malonate areas represent mean values with standard deviations from biological duplicates with three 
technical replicates each (six samples in total). Asterisks represent the level of significance of an 
unpaired two‐tailed t test (p < 0.05). 

Furthermore, a strong linear relationship between naringenin titers and malonate areas could 

be observed, indicating that the developed methods for extraction and LC‐MS/MS analysis of 

the cytoplasmic malonyl‐CoA and malonate indeed reflect intracellular concentrations. 
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For large‐scale fermentations, microbial naringenin production with C. glutamicum would be 

much more economical when starting from cheap glucose. Therefore, 

C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C7 not only harboring pMKEx2-chsPhCg-chiPhCg 

but also pEKEx3-aroHEc-talFjCg was constructed. The latter plasmid contains genes encoding 

DAHP synthase from E. coli and TAL from Flavobacterium johnsoniae, whose episomal 

heterologous expression was demonstrated previously to be sufficient for the synthesis of 

naringenin from glucose (Kallscheuer et al., 2016b). Cultivation of the constructed 

C. glutamicum strain in a bioreactor generated up to 24 mg/L (0.09 mM) naringenin exclusively 

from glucose. 

To emphasize the versatility of the constructed 

C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C7 strain, the naringenin-specific production 

plasmid was replaced by the plasmid pMKEx2-stsAhCg-4clPcCg for enabling resveratrol 

synthesis. Ultimately, the constructed strain harboring pMKEx2-stsAhCg-4clPcCg and 

pEKEx3-aroHEc-talFjCg produced up to 112 mg/L (0.49 mM) resveratrol directly from glucose, 

which is a ten-fold increase to the parental strain (Braga et al., 2018). Moreover, dependency 

on the costly fatty acid synthesis inhibitor cerulenin has been abolished. 

This particular strain was tailored towards increased ACC activity to further improve 

malonyl-CoA availability (C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C7 mufasOBCD1, 

cf. chapter 1.7.2). Building on this variant, the integrated PdapA-C7 promotor was replaced by 

the PdapA-C5 variant, further reducing the CS activity to 5.5 %. This allowed to improve the 

newly established synthesis of the plant pentaketide noreugenin, which is produced by 

condensation of five molecules of malonyl-CoA and was therefore used as a sensor molecule 

for this very purpose, more than 2-fold from 1.98 mg/L (0.01 mM) to 4.13 mg/L (0.22 mM) 

(cf. chapter 1.7.2 and 1.7.3). 

In addition to improving acetyl-CoA availability by reducing its consumption via the TCA cycle, 

strategies to increase its biosynthesis were also followed. Usually, acetyl-CoA is generated by 

oxidative decarboxylation of pyruvate. Streamlining the cellular glucose metabolism towards 

pyruvate should therefore be advantageous to ultimately improve acetyl-CoA and malonyl-CoA 

availability for polyketide synthesis (Figure 5). 

Recently, deregulated expression of iolT1 (cg0223) encoding the glucose permease/myo-

inositol transporter IolT1 was demonstrated to promote D-xylose utilization by engineered 

C. glutamicum (Brüsseler et al., 2018). As glucose uptake should also benefit from increased 

abundance of IolT1, the respective nucleotide substitutions were introduced  

into the promotor sequence of iolT1 resulting in the strain 

C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C5 mufasOBCD1 PO6-iolT1. When characterized 
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with regard to noreugenin synthesis, only minor positive effects on the absolute product titer 

could be observed during shake flask cultivations (4.4 mg/L, 0.02 mM noreugenin). 

Nevertheless, growth rate, negatively influenced by downregulated CS activity, was partly 

restored. Thus, bearing important parameters of large-scale applications such as space-time 

yield in mind, this modification was regarded as beneficial.  

Beyond increasing glucose uptake, withdrawal of phosphoenolpyruvate and pyruvate from 

glycolysis by the anaplerotic reactions generating oxaloacetate was targeted. In contrast to 

most microorganisms, C. glutamicum is able to catalyze the carboxylation of both 

phosphoenolpyruvate and pyruvate. Previously, it was demonstrated that only one of the two 

enzymes needs to be present to enable growth on glucose. In fact, 90 % of total oxaloacetate 

synthesis is ascribed to the activity of pyruvate carboxylase (PYC) encoded by pyc (cg0791). 

Construction of C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C5 mufasOBCD1 PO6-iolT1 ∆pyc 

(later termed C. glutamicum M-CoA, cf. chapter 2.5) and subsequent cultivation for the 

synthesis of noreugenin demonstrated the accumulation of 5.63 mg/L (0.03 mM) noreugenin 

within 72 hours. Thus, pyc deficiency was regarded to promote malonyl-CoA availability in the 

constructed strain. 

It can be concluded that increasing acetyl-CoA availability is prerequisite for improving 

malonyl-CoA availability in C. glutamicum. The metabolic strategies successfully implemented 

in the context of this study can possibly be also transferred to other microbial hosts. 

1.7.2 Increasing ACC activity through modulation of FasR-mediated gene regulation 

improves malonyl-CoA availability 

(Milke et al. 2019a, cf. chapter 2.2; Milke et al. 2019b, cf. chapter 2.3) 

As malonyl-CoA is solely derived from the carboxylation of acetyl-CoA in C. glutamicum, 

increasing ACC activity with the aim to improve malonyl-CoA availability is a promising 

approach. Here, a widely used strategy is the episomal expression of genes encoding the ACC 

from C. glutamicum as the protein synthesis of only two subunits needs to be coordinated to 

form a functional enzyme. Whereas this strategy was applied multiple times in the context of 

engineering E. coli for polyphenolic polyketide synthesis, no effects on naringenin formation in 

C. glutamicum itself were discernible. It turned out that an increasing supply of acetyl-CoA, 

being the substrate of ACC, is mandatory in order to increase intracellular malonyl-CoA 

availability for efficient naringenin synthesis. Episomal expression of accBC and accD1 

increased naringenin production by 40 % to 26 mg/L (0.095 mM) compared to the reference 

strain C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C7. This demonstrated the general 

benefits of enhanced ACC activity on malonyl-CoA supply in C. glutamicum. 
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In general, use of multiple plasmids might increase the metabolic burden for the cells as well 

as overall process costs during production due to the required supplementation of additional 

antibiotics (Glick, 1995; Wu et al., 2016). Thus, increasing the genomic expression of accBC 

and accD1 was targeted to increase overall ACC activity. With the aim to improve the synthesis 

of malonyl-CoA-derived fatty acids with C. glutamicum, fasR, encoding the transcriptional 

repressor of fatty acid synthesis, was previously deleted (Takeno et al., 2013). Application of 

this strategy in C. glutamicum DelAro4 PT7-4clPcCg hardly improved naringenin synthesis, but 

drastically decreased the growth rate from 0.32 ± 0.01 h-1 to 0.22 ± 0.02 h-1. Deletion of fasR 

in C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C7 further reduced the growth rate to 

0.19 ± 0.02 h-1 and also reduced naringenin synthesis by 40 % (12 mg/L, 0.044 mM), 

rendering this strategy unsuitable for the synthesis of polyketides with C. glutamicum. 

Presumably, absence of the transcriptional repressor FasR not only relieves repression of 

accBC and accD1 but also of the genes fasA (cg0957) and fasB (cg2743) encoding the 

malonyl-CoA consuming fatty acid synthases FasA and FasB. Thus, this modification does not 

necessarily promote accumulation of malonyl-CoA for polyketide synthesis and was therefore 

discarded. 

Mutational studies of the operator regions of accBC and accD1 revealed essential nucleotides 

in the fasO sites for binding of FasR (Nickel et al., 2010). Based on these findings, the fasO 

motifs upstream of the open reading frames (ORFs) of accBC and accD1 were mutated in the 

C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C7 strain background, both individually 

(mufasOBC, mufasOD1) and in combination (mufasOBCD1). Important to note in this context, 

since the FasR binding site of accD1 overlaps with the ORF of this gene, only nucleotide 

substitutions were introduced that do not alter the amino acid sequence of AccD1 (Figure 7). 

 

Figure 7: Schematic representation and relative postion of the fasO sites of accBC and accD1. 
In both cases, the mutated (mut.) fasO sites are aligned with the respective native (nat.) fasO sites. 
Grey-backed nucleotides are conserved in all known C. glutamicum fasO-sites essential for FasR 
binding. Mutated nucleotides are highlighted by bold letters. The start codon of accD1 is underlined. 

The engineered strains were transformed using the plasmid pMKEx2-pcsAaCg-short providing 

a codon-optimized gene variant encoding a N-terminally truncated PCS from A. arborescens 

under control of the inducible T7 promotor (pcsAaCg-short) to allow for the synthesis of 
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noreugenin (cf. chapter 1.7.3). Subsequently, the constructed strains were cultivated in defined 

CGXII medium with 4 % glucose and 1 mM IPTG. Noreugenin was extracted from the 

cultivation broth using ethyl acetate for LC-MS analysis. Again, an increased product titer over 

the control strain was regarded to reflect increased malonyl-CoA availability. 

Whereas C. glutamicum strains with the individually mutated fasO sites even  

showed reduced noreugenin synthesis, the constructed strain 

C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C7 mufasOBCD1, harboring both mutated fasO 

sites, carrying pMKEx2-pcsAaCg-short generated 1.98 mg/L (0.01 mM) noreugenin within 

72 hours indicating an increased malonyl-CoA supply. In comparison, the parental strain with 

wild-type FasR-mediated regulation accumulated only 0.8 mg/L (0.004 mM) noreugenin. To 

confirm the assumption of increased malonyl-CoA availability upon mutation of both fasO sites, 

the intracellular malonyl-CoA pool was quantified in form of its free acid malonate by 

LC-MS/MS. The obtained malonate signals showed a 2.8-fold increase upon deregulated 

expression of both, accBC and accD1, in comparison to the parental strain. Using a calibration 

curve, an intracellular malonate concentration of 1.8 mM was determined, the isotope ratio of 

the parental strain was below the linear range of the calibration curve. 

This novel approach to specifically increase intracellular ACC activity by repealing FasR-

mediated regulation of genome-encoded ACC genes in C. glutamicum, turned out to be the 

least intrusive but most effective, allowing to efficiently increase malonyl-CoA 

availability. When equipped with the respective plasmids, 

C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C7 mufasOBCD1 accumulated up to 65 mg/L 

(0.24 mM) naringenin and 450 mg/L (1.97 mM) resveratrol from 5 mM supplemented 

p-coumaric acid using standard cultivation conditions (unpublished data). In general, this 

strategy should be applicable to all microbial hosts, in which the ACC activity is controlled on 

the transcriptional level. 

1.7.3 C. glutamicum as a microbial host for the synthesis of the pentaketide 

noreugenin 

(Milke et al. 2019b, cf. chapter 2.3) 

In close interdependence with the projects to increase intracellular malonyl-CoA availability, 

the establishment of further relevant product classes was also aimed at. One of these novel 

compounds is the plant pentaketide noreugenin from the medicinal plant A. arborescens. 

Noreugenin belongs to the class of chromones, which are gaining attention due to their 

ascribed health-promoting effects (Gaspar et al., 2014). Beyond that, noreugenin resembles a 

very suitable reporter molecule for intracellular malonyl-CoA availability, as it is exclusively 
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produced from just this metabolite (Yang et al., 2018). Opposed to naringenin or resveratrol 

synthesis, the number of enzymatic reaction steps is reduced to a single enzyme (Figure 8).  

 

Figure 8: Biosynthetic noreugenin pathway. PCS: pentaketide chromone synthase, TPBD:  
1-(2,4,6-tri-hydroxyphenyl)butane-1,3-dione 

In order to establish noreugenin synthesis in C. glutamicum, a codon-optimized variant of the 

pcs gene originating from A. arborescens (pcsAaCg) encoding a pentaketide chromone 

synthase was subcloned into the pMKEx2 plasmid allowing for the IPTG inducible gene 

expression under control of the T7 promotor. Initial cultivation experiments in CGXII medium 

with 4 % glucose and 1 mM IPTG yielded only traces of noreugenin close to the LC-MS 

detection limit. 

Amino acid sequence alignments to similar type III PKS enzymes, which were already 

functionally implemented into C. glutamicum for the synthesis of resveratrol (STS from 

Arachis hypogea, STSAh) or naringenin (CHS from Petunia x hybrida, CHSPh) revealed that the 

first ten amino acid residues in PCSAa have no equivalent in the other two enzymes despite 

their overall sequence identity of 70 - 80 %. Interestingly, residues M11 and V14 of PCSAa 

aligned with M1 and V4 of both, CHSPh and STSAh, suggesting a simple misannotation of the 

translational start of the protein sequence deposited in UniProt (ID: Q58VP7). To exclude a 

possible function of the ten N-terminal amino acids of PCSAa as signal sequence for protein 

localization in the plant cell, three algorithms to detect signal and targeting peptide sequences 

were consulted. None of them proposed such a function for the ten first amino acids. However, 

a truncated variant pcsAaCg-short lacking the first 30 nucleotides was constructed and cloned 

into pMKEx2. Indeed, expression of the truncated gene variant significantly improved 

noreugenin synthesis with C. glutamicum yielding 0.8 mg/L (0.004 mM) after 72 hours under 

standard cultivation conditions. 

Ensuing metabolic engineering of C. glutamicum and LC-MS/MS based quantification of the 

intracellular malonyl-CoA pool demonstrated that an increased precursor availability is 

reflected by the noreugenin titer (cf. chapter 1.7.2). This allows to regard noreugenin as a 

reliable reporter molecule to evaluate the impact of genetic modifications on the intracellular 

availability of malonyl-CoA in C. glutamicum, circumventing the laborious extraction and 

LC-MS/MS quantification method. 
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Over the course of tailoring C. glutamicum towards improved malonyl-CoA availability for 

noreugenin synthesis, all constructed strains showed continuous noreugenin synthesis over 

prolonged process times, even when the cultures already had reached the stationary growth 

phase after 24 hours. This observation is contrary to the current believe assuming a strict 

exponential growth phase-dependent malonyl-CoA supply in C. glutamicum. This means that 

noreugenin synthesis should have stopped upon reaching the stationary growth phase. As 

such a phenomenon had never been observed for the synthesis of naringenin or resveratrol, 

the reason for this observation was rather assumed to be connected to the product formation 

of noreugenin than the engineered C. glutamicum strain background. 

In silico reconstruction of the PCSAa reaction mechanism postulated a C6-C1 cyclized 

pentaketide intermediate (1-(2,4,6-tri-hydroxyphenyl)butane-1,3-dione; TPBD, 

M = 210,05 g/mol, Figure 8), which subsequently undergoes spontaneous isomerization and 

dehydration forming a pyrone moiety eventually yielding noreugenin. In fact, a corresponding 

TPBD signal was detected in extracted cultivation samples during LC-MS analysis that 

decreases over time, whereas the noreugenin signal gains abundance (Figure 9A+B). Further 

analysis revealed that the malonyl-CoA dependent synthesis of the TPBD intermediate is 

indeed coupled to the exponential growth phase, whereas the seemingly continuous 

noreugenin synthesis was resolved to arise solely from the slow spontaneous formation of the 

pyrone moiety (Figure 9C).  
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Figure 9: Detection of the noreugenin synthesis intermediate 1-(2,4,6-trihydroxyphenyl)butane-

1,3-dione (TPBD) in extracted cultivation samples. (A) Exemplary chromatogramm of an extracted 
cultivation sample both as total ion current and the individual m/z ratios. (B) Total ion current 
chromatograms of extracted samples resembling the spontaneous cyclization of TPBD towards 
noreugenin over the cultivation time. For better visualization, the benzoic acid signal was removed from 
the chromatogram. (C) Growth curve and product abundance for the strain C. glutamicum M-CoA 
pMKEx2-pcsAaCg-short. Unavailability of an authentic TPBD standard prevented quantification of this 
particular molecule. To evaluate product formation over time, the normalized signal areas of the 
molecules of interest (Areamoi) TPBD and noreugenin were added up. Signal area of the internal 
standard (Areais) benzoic acid was used for normalization. The calculated ratios are depicted on the 
primary Y-axis. At the given sampling time points, OD600 of the cultures was also determined (filled 
circles, shown on secondary Y-axis). The obtained data represent mean values with standard deviations 
from biological triplicates. 

1.7.4 C. glutamicum as a microbial host for the synthesis of the phenylbutanoids 

raspberry ketone, zingerone and benzylacetone 

(Milke et al. 2020, cf. chapter 2.5) 

The phenylbutanoid raspberry ketone, characteristic for the scent and flavor of ripe 

raspberries, is used as a natural flavoring agent in food and beverages. Unfortunately, 

abundance of raspberry ketone in raspberries is low, rendering the extraction of this molecule 

from raspberries very costly. Although chemical routes allow for the economical synthesis, 

raspberry ketone produced by such processes cannot be marketed as natural flavoring 



Scientific context and key results of this thesis 

25 

substance in accordance with food regulations (European Council, 2008; Smith, 1996; 

Vandamme & Soetaert, 2002). Contrary to this, RK obtained from microbial synthesis is 

regarded as natural. As the biosynthetic pathway resembles naringenin and resveratrol 

synthesis and thus requires 4CL and type III PKS activity with inherent malonyl-CoA 

dependency, the already available platform strain C. glutamicum M-CoA was selected as a 

promising host for raspberry ketone synthesis (Figure 10). The phenylpropanoid precursor 

p-coumaric acid is CoA-activated by a 4CL and subsequently condensed with one molecule of 

malonyl-CoA, catalyzed by a BAS, yielding p-hydroxybenzalacetone. Ultimately, the 

biosynthetic pathway features a dedicated reduction of the diketide intermediate 

p-hydroxybenzalacetone catalyzed by BAR yielding raspberry ketone. 

 

Figure 10: Biosynthetic pathway for phenylbutanoids from phenylpropanoids. 4CL: 4-coumarate: 
CoA ligase, BAR: benzalacetone reductase, BAS: benzalacetone synthase. 

In preceding experiments to evaluate cytotoxicity of the pathway intermediates and raspberry 

ketone itself, C. glutamicum was cultivated in the presence of p-hydroxybenzalacetone and 

raspberry ketone. Here, C. glutamicum showed a superior resistance against both compounds 

in comparison to E. coli and S. cerevisiae, which are already used for microbial raspberry 

ketone synthesis. Furthermore, it was found that C. glutamicum possesses a hitherto unknown 

endogenous BAR activity allowing for the reduction of p-hydroxybenzalacetone yielding 

raspberry ketone. 

To further increase intracellular BAR activity, codon-optimized gene variants encoding the 

NADPH-dependent raspberry ketone/zingerone reductase RZS1 from Rubus idaeus were 

tested for the reduction of 500 mg/L (3.09 mM) p-hydroxybenzalacetone. Unfortunately, both 

variants failed to increase BAR activity in C. glutamicum. Additionally, the NADPH-dependent 

curcumin/dihydrocurcumin reductase CurA from E. coli (CurAEc) was investigated for BAR 

activity, as the close structural resemblance of curcumin and p-hydroxybenzalacetone 

suggests a potential activity of CurAEc with the latter compound. Indeed, heterologous 
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expression of curAEc from E. coli MG1655 increased BAR activity, which could be further 

improved upon expression of the codon-optimized variant curAEcCg yielding 68.67 mg/L 

(0.42 mM) raspberry ketone.  

To further improve intracellular BAR activity, efforts were made to improve the availability of 

the cofactor NADPH. In this context, heterologous expression of a codon-optimized gene 

encoding the cytosolic transhydrogenase UdhA from E. coli (udhAEcCg) in a lactate 

dehydrogenase deficient strain (C. glutamicum M-CoA ∆ldhA) further improved raspberry 

ketone synthesis from supplemented p-hydroxybenzalacetone by 25 %. 

With the aim of enabling the p-coumaric acid-derived synthesis of raspberry ketone, codon-

optimized genes of different plant origin encoding type III PKSs with BAS activity were tested 

for the formation of p-hydroxybenzalacetone from p-coumaric acid or more precisely, 

p-coumaroyl-CoA. The bifunctional chalcone synthases PKS1 and PKS4 from raspberry 

turned out unsuitable for p-hydroxybenzalacetone and ultimately raspberry ketone synthesis. 

However, a monofunctional BAS from R. palmatum enabled synthesis of 14.03 mg/L 

(0.09 mM) raspberry ketone and 9.43 mg/L (0.06 mM) p-hydroxybenzalacetone from 

supplemented p-coumaric acid (5 mM) in the absence of udhAEcCg. As expression of udhAEcCg 

surprisingly reduced the cumulated synthesis of p-hydroxybenzalacetone and raspberry 

ketone, the strain C. glutamicum M-CoA ∆ldhA harboring pMKEx2-basRpCg-curAEcCg and 

pEKEx3-udhAEcCg was regarded as the most suitable strain for the synthesis of raspberry 

ketone from supplemented p-hydroxybenzalacetone, whereas additional udhAEcCg expression 

was not suitable for synthesis from p-coumaric acid. 

In addition to raspberry ketone, other phenylbutanoids such as the ferulic acid-derived 

zingerone or the cinnamic acid-derived benzylacetone are of commercial interest drawn by 

their flavoring traits (Figure 10). Zingerone provides the flavor of cooked ginger, whereas 

benzylacetone has a strawberry and jasmine flavor. Motivated by the discovered enzyme 

promiscuity of CurAEc also accepting p-hydroxybenzalcetone, the enzymes of the established 

pathway for raspberry ketone synthesis were challenged with the other 

precursors / intermediates to see whether the constructed C. glutamicum strain could also be 

used for the synthesis of other phenylbutanoids. Resembling the strategy for establishing 

raspberry ketone synthesis, a potential reductase activity with the respective intermediates 

vanillylidenacetone (zingerone) and benzalacetone (benzylacetone) was elucidated first. The 

findings indicated that both intermediates are accepted by the endogenous reductase of 

C. glutamicum, whereas only vanillylidenacetone is also accepted by CurAEc, which is 

resembled by an increased accumulation of zingerone upon expression of curAEcCg. 

Investigation of 4CL and BAS activity with the alternative phenylpropanoid substrates ferulic 

acid and caffeic acid, the synthesis of both intermediates, vanillylidenacetone and 
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benzalacetone, was verified by HPLC analysis. Probably due to the lower ability to reduce 

benzalacetone, no benzylacetone could be detected during cultivations with supplemented 

caffeic acid, although all individual reaction steps in general are feasible. Contrary, the 

established pathway allowed for the synthesis of 14.14 mg/L (0.07 mM) zingerone from 5 mM 

ferulic acid.  

1.7.5 C. glutamicum as a microbial host for the synthesis of the type I polyketide 

6-methylsalicylic acid 

(Kallscheuer et al., 2019, cf. chapter 2.4) 

Establishing novel type III PKS dependent biosynthetic pathways for the microbial production 

of pentaketides and phenylbutanoids in engineered C. glutamicum strains demonstrated the 

versatility of the constructed cell factory. To explore the limitations of the engineered platform 

strain, the synthesis of type I polyketides, e.g. 6-MSA, was examined. In case of type I PKSs, 

proper folding of the large polypeptide chains and the required post-translational 

phosphopantetheinylation by a dedicated PTTase are challenging in the respective microbial 

host system. 

As expected, the strain C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C5 mufasOBCD1 was 

neither able to catabolize nor modify supplemented 6-MSA due to the deletion of 21 genes 

involved in the degradation of multiple aromatic compounds. Instead, toxicity experiments 

demonstrated C. glutamicum and S. cerevisiae to be more a suitable host than E. coli for 

6-MSA production. Furthermore, the provoked improved availability of acetyl-CoA and 

malonyl-CoA, which are required as substrates for the synthesis of 6-MSA, made this 

C. glutamicum strain a promising starting point for this particular project. Unfortunately, no 

accumulation of detectable amounts of 6-MSA upon co-expression of codon-optimized genes 

encoding the 6-MSA synthase ChlB1 from Streptomyces antibioticus (ChlB1Sa) and the broad-

spectrum PPTase Svp from Streptomyces verticillus (SvpSv) could be determined. Having the 

difficulties with regard to proper folding of type I PKSs in mind, a translational fusion of ChlB1Sa 

to the C-terminus of the maltose binding protein from E. coli (MalEEc) was constructed. Despite 

being even larger, the fusion protein MalEEc-ChlB1Sa allowed for the synthesis of up to 6 mg/L 

(0.039 mM) 6-MSA in defined CGXII medium with 4 % glucose and 1 mM IPTG. 

Heterologous expression of svpSv was assumed to cause rapid depletion of Mg2+ ions, which 

are required for PPTase activity, which would explain the observed limited biomass formation. 

Hence, standard CGXII medium only containing 1 mM MgSO4 as sole source of Mg2+ ions was 

supplemented with different Mg2+ ion concentrations ranging from 15 to 200 mM. Although all 

tested concentrations restored the reduced growth phenotype, 50 mM MgSO4 turned out to be 

optimal for 6-MSA synthesis (20 mg/L, 0.13 mM). 
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In order to improve 6-MSA synthesis, additional PPTases were screened to find a better suited 

enzyme for the required ChlB1Sa activation. Unexpectedly, the constructed strain 

C. glutamicum DelAro4 PT7-4clPcCg PgltA::PdapA-C5 mufasOBCD1 pMKEx2-malEEc-chlB1Sa without 

any heterologous PPTase activity turned out to accumulate the highest 6-MSA concentrations 

(41 mg/L, 0.27 mM), indicating that C. glutamicum provides endogenous PPTase activity 

enabling ChlB1Sa activation. Genome analysis revealed two genes encoding the known 

PPTases in C. glutamicum, pptACg (cg2171) and acpSCg (cg2738) (Ikeda & Nakagawa, 2003; 

Kalinowski et al., 2003). Amino acid sequence alignments with SvpSv suggested that PptACg is 

more likely to activate ChlB1Sa than AcpSCg as both, SvpSv and PptACg, belong to the EntD 

superfamily of PPTases. The deletion of pptACg made little sense since a serious growth 

phenotype is known that would prevent a reliable assessment of the influence on 6-MSA 

production (Chalut et al., 2006). Here, the putative in vivo function of PptACg is the activation 

of the sole type I PKS13, which is involved in the synthesis of corynomycolic acids in 

C. glutamicum. Instead, an overexpression of pptACg was performed to evaluate whether this 

PPTase contributes to 6-MSA synthesis. Similarly to the episomal expression of heterologous 

PPTases, overexpression of pptACg reduced the final 6-MSA titer (18 mg/L, 0.12 mM). 

Eventually, the reduced titers upon episomal expression of PPTase-encoding genes were 

demonstrated to be due to an increased metabolic burden. It was concluded that the native 

expression level of the genomically enconded pptACg gene is most suitable for ChlB1Sa 

activation.  

In addition to type I PKSs, nonribosomal peptide synthases (NRPSs) also require post-

translational phosphopantetheinylation for catalytic activity. In E. coli, the NRPSs EntB and 

EntF, both activated by the PPTase EntD, are involved in the synthesis of enterobactin. To 

characterize the spectrum of PKSs and NRPS activated by PptACg, it was investigated whether 

PptACg from C. glutamicum could compensate for the loss of EntD in E. coli. Indeed, 

enterobactin synthesis was restored upon expression of pptACg. This suggests that PptACg is 

a broad spectrum PPTase capable of activating both PKSs in C. glutamicum and NRPSs in 

E. coli. 

1.8 Conclusion and outlook 

In the course of this thesis, C. glutamicum was tailored towards improved malonyl-CoA 

availability by rational metabolic engineering. In this context, modulation of the central carbon 

metabolism and transcriptional deregulation of accBC and accD1 encoding the two subunits 

of ACC were demonstrated to be promising strategies for efficiently increasing malonyl-CoA 

availability without relying on the addition of cerulenin. This allowed for increasing the microbial 

synthesis of polyphenolic polyketides naringenin (65 mg/L, 0.24 mM) and resveratrol 

(450 mg/L; 1.97 mM) even beyond reported product titers obtained when supplementing 
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cerulenin during the production phase (Figure 11). Considering of this performance, 

C. glutamicum M-CoA was established as the third host for the microbial synthesis of these 

compounds alongside E. coli and S. cerevisiae. 

 

Figure 11: Overview of the different malonyl-CoA dependent polyketides microbially synthesized 
with C. glutamicum in this thesis. 6MSAS: 6-methylsalicylic acid synthase, BAR: benzalacetone 
reductase, BAS: benzalacetone synthase, CHI: chalcone isomerase, CHS: chalcone synthase, PCS: 
pentaketide chromone synthase, STS: stilbene synthase, TPBD: 1-(2,4,6-tri-hydroxyphenyl)butane-1,3-
dione. 

Additionally, the type III PKS catalyzed biosynthesis of a pentaketide and phenylbutanoids  

was established in this microorganism using the extensively engineered variant 

C. glutamicum M-CoA. Upon expression of a codon-optimized gene variant encoding a 

truncated PCS from A. arborescens, 53.3 mg/L (0.28 mM) noreugenin accumulated in defined 

CGXII medium supplemented with casamino acids within 24 hours. Furthermore, 100 mg/L 

(0.61 mM) raspberry ketone, 70 mg/L (0.36 mM) zingerone and 10.5 mg/L (0.07 mM) 

benzylacetone were synthesized using a ldhA-deficient variant of C. glutamicum M-CoA. In the 

context of this study, a codon-optimized gene variant encoding BAS from R. palmatum was 

functionally expressed. Not only an endogenous BAR activity of C. glutamicum was 

demonstrated, but also a yet unknown substrate promiscuity of CurA from E. coli.  
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Establishing the synthesis of the type I polyketide 6-MSA in C. glutamicum is of particular 

significance as the functional expression of large genes encoding for the required type I PKS 

is generally regarded to be very challenging. Furthermore, an endogenous PPTase of 

C. glutamicum indicated activity with a broad range of substrates. This could significantly 

accelerate the functional expression of future type I PKS genes compared to other host 

organisms. Often, these genes originate from the genus of Streptomyces, characterized by a 

high GC-content. As C. glutamicum belongs to the common order of Actinomycetales, a 

general compatibility with Streptomyces genes can be expected. Moreover, the close structural 

similarity between type I FAS of C. glutamicum and type I PKSs suggests that the expression 

machinery of C. glutamicum in general is capable of synthesizing such large multi-domain 

polypeptides, which could prove to be advantageous. Therefore, the constructed strain 

C. glutamicum M-CoA represents a promising platform for future studies aiming at the 

microbial synthesis of type I PKS-derived polyketides. 
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2 Peer-reviewed publications 

2.1 Limitations for the microbial synthesis of plant polyphenolic polyketides 
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2.2 Engineering C. glutamicum towards increased malonyl-CoA availability for 

plant polyphenol synthesis 
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2.3 Increasing malonyl-CoA availability for improved noreugenin synthesis 
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2.3.1 Supplementary Material 
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2.4 C. glutamicum is a promising host for the synthesis of type I polyketides 
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2.5 Synthesis of flavoring phenylbutanoids with C. glutamicum 
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