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Summary 

Streptomycetes produce a range of polyketides, a class of small natural molecules with interesting 

bioactive properties that have significantly contributed to human well-being over the past decades. 

Therefore, the exploration of these microbes towards a streamlined overproduction of polyketides 

and the discovery of novel ones receives high interest. In this regard, this work deals with the 

development and establishment of an analytical approach, using LC-MS/MS to quantify 

intracellular CoA thioesters, the cellular building blocks to derive polyketides, as well as other 

products of interest. The developed method was validated for various microbes and then used to 

gain insight into the biosynthesis of pamamycins, a polyketide family with up to 16 isomers, in the 

heterologous host Streptomyces albus. First, this unraveled the link between CoA thioester 

availability and pamamycin spectrum. Second, the combined analysis of metabolome and 

transcriptome of S. albus, grown under different conditions, provided a global view on pamamycin 

production and its regulation. The amino acid L-valine emerged as beneficial medium supplement, 

as it substantially increased production. Inter alia, this led to the construction of a bkdR regulator 

mutant, which provided larger fractions of so far inaccessible heavy pamamycin derivatives.  
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Zusammenfassung 

Streptomyceten produzieren zahlreiche Polyketide, eine Klasse kleiner natürlicher Moleküle mit 

interessanten Eigenschaften, die im Laufe der letzten Jahrzehnte maßgeblich zum Wohlbefinden 

der Menschheit beigetragen haben. Die Erforschung dieser Mikroben mit dem Ziel einer 

zielgerichteten Überproduktion, sowie der Entdeckung neuer Substanzen erlangt größtes 

Interesse. In diesem Zusammenhang befasst sich diese Arbeit mit der Entwicklung und 

Etablierung einer analytischen Pipeline zur Quantifizierung von intrazellulären CoA-Thioestern 

mittels LC-MS/MS, wichtige Bausteine für Polyketide sowie anderer interessanter Produkte. Die 

hier entwickelte Methode wurde an unterschiedlichen Mikroben validiert und danach angewendet 

um nähere Einblicke in die Biosynthese der Pamamycine, eine Polyketide-Familie mit bis zu 16 

Isomeren, in dem heterologen Produzenten Streptomyces albus zu erhalten. Dies enthüllte 

zunächst den Zusammenhang zwischen der Verfügbarkeit von CoA-Thioestern und dem 

Pamamycin-Spektrum. Zweitens lieferte die kombinierte Analyse von Metabolom und Transkriptom 

von S. albus, die unter verschiedenen Bedingungen kultiviert wurden, einen globalen Überblick 

über die Pamamycin-Produktion und ihrer Regulation. Die Aminosäure L-valin stellte sich als ideale 

Medienergänzung heraus, da sie die Produktion wesentlich erhöhte. Dies führte unter anderem zur 

Konstruktion einer bkdR-Regulatormutante, die größere Fraktionen bisher unzugänglicher 

schwerer Pamamycin-Derivate lieferte.  
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1 Introduction 

1.1 General introduction 

Microbes provide various products for the food and feed, the medical, the energy, and other 

industries (Becker & Wittmann, 2015). Especially Streptomycetes, a class of actinobacteria have 

experienced a real boom in the last 70 years, and have been two-times awarded with the Nobel 

prize (Woodruff, 2014; Owens, 2015). The microbes are distributed in aquatic and terrestrial 

ecosystems and exhibit a unique multi-staged life-cycle with complex morphological differentiation, 

including vegetative filaments as well as spores (Barka et al., 2016). They are further known for 

their rich secondary metabolism, that has provided approximately 70% of all commercially 

available antibiotics today (Kitani et al., 2011; Ventola, 2015; Barka et al., 2016). In addition to 

antibiotics, the product range of Streptomycetes covers herbicides, antifungals, antitumor drugs, 

and immunosuppressants (Barka et al., 2016) 

As prominent example, the polyketide pamamycin was discovered in the 1970s (McCann & Pogell, 

1979). The metabolite revealed growth inhibitory activity against gram-positive bacteria and fungi 

and was found to stimulate morphology development and secondary metabolism of 

Streptomycetes. As example, pamamycins show high antibacterial potential against multi-resistant 

Staphylococcus aureus and Mycobacterium tuberculosis, among the top ten causes of deaths 

worldwide causing yearly more than one million deadly infections (Zaheen & Bloom, 2020). Over 

the years, different pamamycin derivatives were discovered that differ in molecular mass and 

biological activity (Natsume et al., 1991; Natsume et al., 1995; Kozone et al., 2008).  

One of the challenges in the production of secondary metabolites are titers which are too low to 

enable further research (Bekiesch et al., 2016). This is also the case for pamamycins. 

Fortunately, the genetic background of pamamycin biosynthesis was deciphered in Streptomyces 

alboniger (Rebets et al., 2015). The identification of the biosynthetic genes and their specific role in 

pamamycin biosynthesis enabled the creation of a heterologous pamamycin-overproducer (Rebets 

et al., 2015).  
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1.2 Main objectives 

This work aimed to study the heterologous pamamycin producer S. albus J1074/R2 on the 

systems level. In this regard, the first goal was the establishment of a robust and precise approach 

for the quantification of intracellular CoA thioesters, the cellular building blocks of pamamycins. 

Towards broader impact and use, the method should be validated and applied for different gram-

positive and gram-negative bacteria and yeast. Subsequently, the approach should be applied to 

study the production of pamamycins in S. albus J1074/R2, including different experimental 

conditions such as variations in medium composition and the supplementation with microparticles 

for enhanced production.  

Second, the integration of metabolomic and transcriptomic analysis should gain insights into the 

biosynthesis of pamamycins and supporting pathways and eventually lead to improved production 

strains and processes. Of specific interest was the modulation of the pamamycin product spectrum 

towards increased fractions of so far inaccessible heavy derivatives to enable follow-up research 

on bioactivity and mode-of-action. 
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2 Theoretical Background 

2.1 The phylum Actinobacteria  

Actinobacteria form one of the largest phyla within the domain of Bacteria (Barka et al., 2016). The 

microbes belonging to this phylum are mostly free-living organisms with a high guanine-plus-

cytosine (G+C) content (Barka et al., 2016; Chater, 2016). Based on their often filamentous 

phenotype, Actinomycetes have been described as intermediates between fungi and bacteria 

(Barka et al., 2016). In contrast to other bacteria, they grow by a combination of tip extension and 

hyphae branching (Barka et al., 2016; Kashiwagi et al., 2017). Hence, their name is derived from 

the Greek words “aktis” or “aktin” (English for ray), and “mukes” (fungi), whereby the similarity to 

fungi is purely phenotypically (Barka et al., 2016). Actinobacteria are widely distributed among 

aquatic and terrestrial ecosystems. Likewise, they can also live as plant symbionts, plant or animal 

pathogens, or gastrointestinal commensals (Barka et al., 2016). 

 

2.2 Streptomyces and secondary metabolism – The world of bioactive molecules 

Streptomyces, forming the largest genus of Actinobacteria (Williams & Vickers, 1988), are aerobic 

gram-positive bacteria that originated over 400 million years ago. They inhabit terrestrial and 

aquatic environments and play a key role in soil ecology, regarding their ability to use a wide range 

of nutrients, including complex polysaccharides, such as cellulose, chitin, xylan, and agar (Flardh & 

Buttner, 2009; Chater, 2016; Kashiwagi et al., 2017). Their wide abundance in soil honored them 

as “recycling specialists”, being indispensable for natural vegetation (Chater et al., 2010).  

In contrast to most other bacteria, Streptomycetes exhibit a filamentous fungus-like life cycle, 

which is divided into several growth phases (Kashiwagi et al., 2017). Under nutrient-rich conditions, 

the cycle starts with a germinating spore that forms a germ tube. Through tip extension, a 

branching vegetative mycelium network is then developed. When nutrients become scarce, a 

morphological differentiation is initiated and aerial hyphae are formed (Barka et al., 2016). The 

apical aerial hyphae are divided through sporulation, finally forming a new generation of spores to 

redistribute in search of new nutrient-rich areas, where the life cycle can start again (Figure 1) 

(Bibb, 2005; van Wezel & McDowall, 2011; Liu et al., 2013; Chater, 2016).  
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Figure 1: Developmental lifecycle of Streptomyces species. Germination of the spore in nutrient-rich 

environment leads to the formation of a germ tube progressively evolving to a vegetative mycelium. After 

nutrient scarcity, the aerial hyphae escape into the air. Morphological differentiation causes sporulation of 

those aerial hyphae into mature spore chains, later released into the environment, where the new generation 

can germinate in new nutrient-rich areas (adopted from (Kieser et al., 2000)). 

Streptomycetes are sedentary microorganisms. As a result, they depend on the prevailing supply 

of nutrients. When nutrient depletion occurs, Streptomycetes use a sophisticated strategy to 

ensure continued life of the population. The branched vegetative mycelium partially undergoes an 

autolytic programmed cell death (PCD). The decomposition of cells results in the accumulation of 

amino acids, amino sugars, nucleotides, and lipids (Wildermuth, 1970; Mendez et al., 1985; 

Miguelez et al., 1999; Barka et al., 2016). These substrates then provide building blocks for the 

aerial mycelium formation (Fernandez & Sanchez, 2002; Rigali et al., 2006; Barka et al., 2016). 

This release of carbon and other nutrients naturally attracts other microorganisms competing for 

those molecules, confronting Streptomycetes with a new challenge through self-protection (Barka 

et al., 2016). 
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Closely connected to this morphological differentiation, Streptomycetes exhibit a uniquely high 

capacity of secondary metabolites (van Wezel & McDowall, 2011; Barka et al., 2016). Secondary 

metabolites are not correlated to growth, but function as defense or signaling molecules.  

Their biological activities, especially against various other microbes tempt the interest of 

agriculture, medicine, and veterinary industry (Kashiwagi et al., 2017). Today, more than 70% of all 

commercially available antibiotics are derived from Streptomyces (Kitani et al., 2011; Liu et al., 

2020). The repertoire of clinical antibiotics comprises for instance: aminoglycosides (neomycin, 

kanamycin, streptomycin) (Vakulenko & Mobashery, 2003; Busscher et al., 2005; Park et al., 

2013), anthracyclines (e.g., antitumor agent daunorubicin) (Minotti et al., 2004), β-lactams 

(cephamycin) (Liras, 1999), glycopeptides (vancomycin, teicoplanin) (Van Bambeke, 2006; Butler 

et al., 2014), macrolides (erythromycin, and tetracyclines) (Okami & Hotta, 1988; Gaynor & 

Mankin, 2003). Besides antibiotics, Streptomyces also supply insecticides (Ōmura & Crump, 2014; 

Thuan et al., 2014; Owens, 2015), bioherbicides (Bo et al., 2019), and antifungal agents 

(Lechevalier et al., 1953; Gil & Campelo-Diez, 2003), which emphasizes the importance of these 

bacteria in today’s world and the rising interest of industry and research (Barka et al., 2016). The 

genomic basis for the versatile spectrum of metabolites is a variety of biosynthetic genes often 

clustered among the genomes. Most of these secondary clusters are weakly expressed or even 

silent under laboratory conditions (Nguyen et al., 2020). Genome sequencing research indicated, 

that roughly 90% of the chemical potential of actinobacterial organisms have remained 

undiscovered, predicting a pool of over 150,000 bioactive metabolites still waiting to be explored 

(Watve et al., 2001; Baltz, 2006; Barka et al., 2016). 

 

2.3 Systems biology of Streptomyces 

Until 2012, more than 500 Streptomyces species have been described (Kashiwagi et al., 2017). 

Due to the complex life cycle and the underlying regulatory networks, production at industrial level 

faces various barriers (Nguyen et al., 2020). However, the complex regulation of secondary 

metabolite biosynthesis is indispensable for a better understanding of the bioprocess for a desired 

improved production (Bekiesch et al., 2016). This comprises the correct balancing of preferred 

substrates and inhibitory nutrients for growth regarding carbon, nitrogen, and phosphate (Liu et al., 

2013). Additionally, hormones (Kitani et al., 2011; Thao et al., 2017) and metals have been shown 

to affect antibiotic production (Abbas & Edwards, 1990; Coisne et al., 1999; Liu et al., 2013). 

Bioprocess parameters like pH and dissolved oxygen level were also shown to potentially disrupt 

the successful transfer from nature to industrial application (Liu et al., 2013). 

Secondary metabolism of Streptomycetes is known to be highly regulated especially on 

transcriptional level. In nature, it is triggered by biotic (microbial, physical, or chemical) and abiotic 
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(pH, temperature, pressure, or nutrient depletion) stress, different to laboratory conditions (Lee et 

al., 2021). This phenomenon leads to clusters being weakly expressed or even silent, challenging 

research to decipher these puzzles. At this point, the analysis of the transcriptome can help to gain 

a better understanding of the regulatory network behind the biosynthesis of secondary metabolites. 

Using deep-sequencing technologies, RNA-Seq provides a precise measurement of levels of 

transcripts and their isoforms. Over the years, the analysis of the transcriptome under different 

culture conditions or altered gene expression patterns has become a common approach to provide 

valuable information for further optimization (Lee et al., 2021). However, among sequenced 

Streptomycetes, regulatory genes represent approximately 12% of the total genome, encoding 

more than 1000 transcription factors, highlighting the tremendous complexity of the regulatory 

network in these bacteria (Bentley et al., 2002; Romero-Rodriguez et al., 2015). Since secondary 

metabolism and primary metabolism are tightly connected, the modification of culture conditions is 

a promising way to gain closer insights into the biosynthesis of secondary metabolites (Lee et al., 

2021). A systems biology analysis with the help of transcriptomics enables the identification of 

crucial transcriptional regulators, helping to decipher the underlying regulatory mechanisms.  

As stated above, genes encoding the biosynthetic route for a secondary metabolite are typically 

clustered. They are variable in size, spanning from a few 1000 bp to more than 100 kb (Bekiesch 

et al., 2016). Most of these clusters contain regulatory genes, affecting the level of production of 

the respective metabolite (Liu et al., 2013). Formerly, such regulatory genes led to the term 

“pathway-specific” regulator. Over the years, different studies of these regulators revealed a more 

global influence than previously thought, which made the term “cluster-situated regulator” (CSR) 

more appropriate (van Wezel & McDowall, 2011). As shown, CSRs are controlled in a growth-

dependent manner by proteins, also known as Streptomyces antibiotic regulatory proteins (SARPs) 

(Barka et al., 2016). SARPs are a specific family of proteins revealing high controlling activity on 

antibiotic production in Streptomyces (Liu et al., 2013). Two of the best-known members of this 

family are ActII-ORF4 and RedD in S. coelicolor, which control and activate the production of the 

pigmented antibiotics actinorhodin (ACT) and undecylprodigiosin (RED), respectively (Barka et al., 

2016). Moreover, using actinorhodin as an example, the gene encoding ActII-ORF4 embedded in 

the actinorhodin cluster gets controlled on transcriptional expression by more than 15 different 

regulatory proteins. Transcription factors are highly diverse in Streptomyces (Romero-Rodriguez et 

al., 2015; Lee et al., 2021). Genetic studies in recent decades continuously identified new 

regulatory proteins, including sigma factors and transcription factors forming a hierarchically 

network connected by cross-regulation or auto-regulation (Romero-Rodriguez et al., 2015; Lee et 

al., 2021). They process cellular information regarding the physiological status of the cell regarding 

nutritional requirements including carbon, phosphate, and nitrogen (van Wezel & McDowall, 2011; 

Liu et al., 2013; Barka et al., 2016).  
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In addition to transcriptomics, a second useful technique to study secondary metabolism is 

metabolomics, which deals with the analysis and quantification of extracellular and intracellular 

small metabolites (<1000 Da) (Nicholson et al., 1999; Buchholz et al., 2002; Yang et al., 2019; Lee 

et al., 2021). Intracellular metabolite levels provide important information about reaction and 

consumption rates, fundamental for the relationship between metabolites and physiological 

changes (Yang et al., 2019).  

The high complexity of metabolism requires efficient and robust analysis platforms. Mass 

spectrometry (MS) appears as an all-purpose solution for quantitative analysis with high sensitivity 

and selectivity. The availability of various atmospheric pressure ionization methods, e.g., 

electrospray ionization (ESI) or chemical ionization (APCI), enables the ionization of versatile 

metabolites in positive and negative mode (Xiao et al., 2012). The coupling of high-performance 

liquid chromatography (HPLC) with MS into LC-MS configurations has become a method of choice 

for precise and absolute quantification of small metabolites in complex biological samples, 

especially in the field of Streptomycetes (Bowen & Northen, 2010; Xiao et al., 2012; Lee et al., 

2021). The separation of metabolites prior to analysis reduces sample complexity and improves 

signal quality. In addition to the analysis of the sample and the interpretation of the data, the 

analytical quality mainly relies on the used sampling procedure (Zhou et al., 2012). Therefore, 

many efforts have aimed at robust sampling and extraction protocols. Common to all methods is 

the importance of extraction step and treatment of the samples to ensure precise and reproducible 

results (Yang et al., 2019). Consequently, isotope-labeled metabolites containing 13C, 15N or 18O in 

exchange for their unlabeled atoms as internal standards were chosen as the golden method to 

avoid ion suppression effects and correct metabolite loss occurring during metabolomics (Berg & 

Strand, 2011; Gläser et al., 2020). Regarding Streptomyces, different metabolomic studies have 

been published. Most of these studies addressed the identification of new secondary metabolites 

found in Streptomyces rather than understanding the regulatory network between genetic 

regulation and metabolite concentrations (Lee et al., 2021). 

 

2.4 Streptomyces albus J1074 as heterologous workhorse  

Streptomyces albus J1074 is a laboratory mutant, evolved from S. albus G (Chater & Wilde, 1976). 

This strain was found readily transformable as a basic cloning host even before cloning in 

Streptomycetes was conceivable (Chater & Wilde, 1976; Baltz, 2010). The defectiveness of the 

SalG1 restriction-modification system in J1074 made targeted genetic modifications feasible 

(Chater & Wilde, 1976; Chater & Wilde, 1980; Myronovskyi et al., 2014). 

The potential of J1074 to produce secondary metabolites was recognized from early on (Baltz, 

2010). The strain successfully expressed the heterologous clusters for steffimycin, an antibiotic 
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from the anthracycline family (Gullón et al., 2006). Especially due to its small genome with 6.8 Mb 

and fast growth, S. albus J1074 has turned out as an ideal production host and was used to derive 

a versatile spectrum of products (Table 1) (Wendt-Pienkowski et al., 2005; Myronovskyi et al., 

2014; Bekiesch et al., 2016; Kallifidas et al., 2018). 

 

Table 1: Secondary metabolites produced in heterologous Streptomyces albus J1074. Displayed are 

the products, their respective native host and the achieved titer. NR=not reported 

Product Native Host Titer [mg L-1] Reference 

Albumycin Micromonospora rosaria SCIO N160 NR (Huang et al., 2019) 

Actinorhodin S. coelicolor 50 (Kallifidas et al., 2018) 

Fredericamycin S. griseus 120 (Tetzlaff et al., 2006) 

 S. griseus 132 (Chen et al., 2008) 

Iso-migrastatin S. platensis 46 (Feng et al., 2009) 

Napyradiomycin Streptomyces sp. NR (Winter et al., 2007) 

Salumycin NR NR (Tao et al., 2020) 

Thiocoraline Micromonospora sp. NR (Lombó et al., 2006) 

 

2.5 Biosynthesis of the polyketide pamamycin in S. albus J1074/R2 

Pamamycins are macrodiolide antibiotics of the polyketide family. In 1979, the first isolated 

pamamycin 607 from Streptomyces alboniger ATCC12461 was published (McCann & Pogell, 

1979). Bioactivity studies revealed inhibitory function on growth of gram-positive bacteria, 

neurospora, mycobacteria, and fungi (McCann & Pogell, 1979; Pogell, 1998). Over the years, 

closer analysis revealed the presence of a versatile mixture of different pamamycin derivatives with 

varying molecular weight and biological activity (Natsume et al., 1991; Natsume et al., 1995; 

Lefevre et al., 2004; Kozone et al., 2008). Besides their antibacterial activity, pamamycins also 

showed stimulating function on aerial mycelia formation and affecting secondary metabolism of 

other Streptomycetes (Hashimoto et al., 2011). 

The chemical structure of pamamycin consists of a sixteen-membered macrodiolide as the carbon 

backbone carrying a dimethylamino group-bearing sidechain, being uncommon within the 
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polyketide family to contain a nitrogen atom (Figure 2) (Hashimoto et al., 2005). The dominant 

precursor molecules for pamamycin biosynthesis are CoA thioesters (Rebets et al., 2015; Kuhl et 

al., 2020). More precisely, CoA thioesters derived from central carbon metabolism succinyl-CoA 

and malonyl-CoA, as well as methylmalonyl-CoA and ethylmalonyl-CoA. The latter ones differing in 

the presence of a methyl-group are mainly originated from other pathways like amino acid or fatty 

acid metabolism (Figure 2) (Rebets et al., 2015; Kuhl et al., 2020; Gläser et al., 2021). 

 

 

Figure 2: Schematic biosynthesis of pamamycin in Streptomyces species (Gläser et al., 2021). 

Nutrients are metabolized and formed CoA thioesters as precursor molecules for pamamycin biosynthesis 

are supplied. Relevant precursors are succinyl-CoA, malonyl-CoA, methylmalonyl-CoA, and ethylmalonyl-

CoA, where the latter ones decide over the molecular mass of produced pamamycins. Elongation of those 

CoA thioesters results in the formation of two hydroxy acids L and S, which are consequently combined for 

the final product. Within the molecule seven positions are highlighted (blue), where different precursors can 

be incorporated. 

 

In 2015, new insights into biosynthesis of pamamycin were proposed, describing a genetic cluster 

harboring 20 genes responsible for pamamycin production (Figure 3). Those genes were isolated 

from a natural producer S. alboniger DSMZ40043 and cloned into a cosmid, called R2. 

Heterologous expression of this cosmid resulted in the pamamycin producer S. albus J1074/R2, 

building an ideal workhorse for further systems biology studies (Rebets et al., 2015).  

From a genomic point of view, the biosynthetic genes are organized in two clusters (right and left 

core), both flanked by a regulatory encoding gene R1 and R2, respectively (Figure 3). Most of the 

genes encode for the enzymatic biosynthesis through the elongation by CoA thioesters building the 

carbon backbone, resulting in two uneven mass hydroxy acid L and S, which are finally assembled 
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into one molecule (Figure 2, Figure 4). In detail, the cluster situated pam genes encode for 

polyketide-ketosynthases, acyltransferases, ketoreductases/dehydrogenases, an acyl-carrier 

protein, a CoA-ligase, a hydrolase, an aminotransferase, a methyltransferase, and a putative 

pamamycin transporter. To determine the sequential biosynthetic steps for pamamycin production, 

a set of mutant cosmids lacking individual pam genes were created. Systems biology analyzes 

proposed the biosynthesis pathway and the role of individual genes for the biosynthesis of 

pamamycin (Rebets et al., 2015). 

 

 

Figure 3: Genetic organization of the pamamycin biosynthesis cluster in the cosmid R2 from 

Streptomyces albus J1074/R2. The cluster is divided into a left and right core, each flanked by a regulatory 

gene R2 and R1, respectively. The respective genes are indicated by color and the main function assigned 

(adopted from (Rebets et al., 2015)). 

 

In more detail, the pamamycin biosynthesis starts with the condensation of succinyl-CoA with 

either malonyl-CoA or methylmalonyl-CoA (Figure 4). The formed compounds are then rotated by 

the acyltransferase PamB resulting in 4-oxoadipyl-CoA or 5-methyl-4-oxoadipyl-CoA, respectively. 

Extension of these compounds gets accomplished by further incorporation of succinate via a 

Claisen condensation by PamD as a first extension by a short-chain acyl starter unit. PamE 

catalyzes the addition of malonyl-CoA or methylated derivatives like methylmalonyl-CoA or 

ethylmalonyl-CoA. Moving on, the biosynthesis gets separated into two branches. In the first 

branch, the interaction of the ketoreductases PamO, PamM, and PamN forms the double bond, 

and the hydratase PamS closes the tetrahydrofuran ring structure, resulting in the small 
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pamamycin hydroxy acid S. In the second branch, an additional adipate gets added by PamF. The 

extension of the carbon backbone with a malonate, derived by either methylmalonyl-CoA or 

ethylmalonyl-CoA is catalyzed by PamG. Same as with the little hydroxy acid, the larger carbon 

chain gets also reduced by PamO, M, and N and tetrahydrofuran ring structure closed by PamS. A 

special feature about pamamycin is the reductively amination and methylation by Pam X and 

PamY, resulting in the large pamamycin hydroxy acid L. Both hydroxy acids S and L are re-

activated by the acyl-CoA-ligase PamL and finally assembled by PamJ and PamK to form the final 

pamamycin molecule (Rebets et al., 2015).  

Since a few of the polyketide-ketosynthases are not ligand specific, they partially are able to use 

malonyl-CoA, methylmalonyl-CoA, or ethylmalonyl-CoA as substrate (Rebets et al., 2015). This 

yields in a near random incorporation of various precursors, leading to seven different known 

pamamycins with different masses, beginning from Pam 579, Pam 593, Pam 607, Pam 621, Pam 

635, Pam 649, to Pam 663 (Gläser et al., 2020; Kuhl et al., 2020). Those derivatives distinguish by 

the presence of an additional methyl group due to the increased incorporation of methylmalonyl-

CoA or ethylmalonyl-CoA (Rebets et al., 2015; Kuhl et al., 2020). In addition, the biosynthesis also 

enables the formation of various stereoisomers, depending on the incorporation position of each 

precursor. Summarized, the versatile mixture of different pamamycin derivatives and isomers 

builds a large pool of metabolites to be analyzed further in the future, additionally as promising 

basis for drug design. 
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Figure 4: Proposed pathway for the biosynthesis of pamamycin polyketides (Rebets et al., 2015). 

Biosynthetic genes encoding the Pam-enzymes are associated to the respective reaction step, and the 

carbon backbones coloured to its originated CoA thioesters incorporated into the respective pamamycin 

hydroxy acid L (4) and S (3). Activation of both hydroxy acids and assembling results in final pamamycin 

molecule (1) with various methylated sidechains. 
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2.6 CoA thioesters as central precursors for pamamycin 

Evolution yielded in a highly complex network of different biological reactions comprising versatile 

metabolites. A relevant group of metabolites are CoA thioesters, ester between the coenzyme A 

and a carboxylic acid. In this form, CoA thioesters participate in about 5% of all enzymatic 

reactions, emphasizing the importance for the carbon metabolism, where one-third of carbon is 

estimated to be metabolized through CoA thioesters (Peter et al., 2016; Gläser et al., 2020). The 

basic structure a CoA thioester consists of one molecule adenosine diphosphate (ADP), 

pantothenate (vitamin B5), and a cysteine with a respective carbon residue at the thiol group 

(Figure 5). 

 

 

Figure 5: Schematic structure of an CoA thioester. The coenzyme A thioester consists of an adenosine 

3’- 5’-diphosphate, and pantothenate and a cysteine optionally carrying an attached carboxylic acid (R), 

yielding a versatile spectrum of CoA thioesters. 

 

The biosynthesis of coenzyme A is evolutionary highly conserved in all microbes (Gout, 2018). 

Modern bioinformatic databases attest a diversity of more than two hundred naturally occurring 

CoA thioester derivatives (Zimmermann et al., 2013). Most prominent representatives are acetyl-

CoA and succinyl-CoA, both central intermediates in carbon core metabolism. 

Besides cofactors and pathway intermediates, CoA thioesters display crucial building blocks of a 

wide range of microbial metabolites from a commercial perspective. Notable metabolites would be 

here antibiotics (Li et al., 2001; Milke & Marienhagen, 2020), insecticides (Yoon et al., 2004; Thuan 

et al., 2014), platform chemicals, like butyric-acid and biofuels (Branduardi et al., 2013; Suo et al., 

2018), lipids in form of waxes (Shi et al., 2012) or fatty acids (Xu et al., 2016; Jovanovic et al., 
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2021), food supplements like vitamins (Fang et al., 2017), or amino acids (Kind et al., 2013), and 

modern bioplastics, like polyhydroxyalkanoates (Borrero-de Acuna et al., 2014) (Figure 6). 

 

 

 

2.7 Precise quantification of CoA thioesters as pamamycin building blocks 

Regarding secondary metabolism, the quantification of selected CoA thioesters has been 

demonstrated. As example, metabolite analysis in a salinomycin producing S. albus revealed a 

bottleneck in the supply of ethylmalonyl-CoA (Lu et al., 2016). In addition, medium optimization 

resulted in increased ethylmalonyl-CoA levels and increased production of tylactone (Park et al., 

2007). 

From a technical viewpoint, different approaches have been proposed. They comprise basic 

quantification via enzymatic assays (Kroeger et al., 2011), HPLC with UV detection (Todd King et 

al., 1988), capillary electrophoresis with UV detection (Liu et al., 2003), laser-induced fluorescence 

detection (Jiang et al., 2010) or gas chromatography-mass spectrometry (GC-MS) 

(Tamvakopoulos & Anderson, 1992; Kasumov et al., 2002; Neubauer et al., 2015). In recent years, 

Figure 6: CoA thioesters as important industrial precursor molecules for a wide range of 

commercially interesting molecules. A selection of important CoA thioesters is displayed and their 

relationship to each other and to industrial products are indicated by arrows. 
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liquid chromatography with tandem mass spectrometric detection (LC-MS/MS) emerged as the 

state-of-the-art method. Reversed phase liquid chromatography using ion-paring reagents (ion-pair 

RPLC) was used for the analysis for a broader spectrum of CoA thioesters (Neubauer et al., 2015). 

However, ion-paring reagents have several disadvantages, especially through implying the 

establishment of a dedicated LC-MS/MS system targeted for the respective application in the field 

of metabolomics, as well as moderate sensitivities and impaired robustness (Neubauer et al., 

2015). The establishment of LC-MS/MS methods for the analysis of CoA thioesters without ion-

paring reagents therefore seems desirable. 

In addition to the measurement by LC-MS/MS itself, the extraction and sampling of the rather 

unstable CoA thioesters is of fundamental importance (King et al., 1988). A selection of different 

extraction methods is listed in Table 2. In the different studies, the used extraction protocols 

appeared specifically dedicated to the respective research goals, lacking the potential to be used in 

other application fields. Therefore, the establishment of a more common approach, applicable to 

many organisms and questions around CoA thioesters would be advantageous.  
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Table 2: Methods for quantification of CoA thioesters in biological samples. Listed are the samples 

derived from bacterial, animal and plant tissue, as well as the investigated CoA thioesters, and briefly the 

extraction method showing the immense diversity of published methods for the quantification of CoA 

thioesters. 

Application field Investigated CoA thioesters Extraction method Reference 

Bacterial samples    

Escherichia coli 

CoASH, short-chain acyl-CoAs, e.g., 

acetyl-CoA, crotonyl-CoA, butyryl-

CoA, and isovaleryl-CoA 

Chloroform -45 °C (Coulier et al., 2006) 

 

Acetyl-CoA, butyryl-CoA, malonyl-

CoA, methylmalonyl-CoA, propionyl-

CoA, succinyl-CoA, and glutaryl-CoA 

ACN/MeOH/H2O 

+ 0.1 % HCOOH 

at -20 °C 

(Armando et al., 2012) 

Saccharomyces 

cerevisiae 

CoASH, acetyl-CoA, succinyl-CoA, 

phenylacetyl-CoA and other CoA 

thioesters 

Boiling ethanol (Seifar et al., 2013) 

Megasphaera 

elsdenii 

Acetyl-CoA, butyryl-CoA, CoASH, 

CoASSCoA, crotonyl-CoA, 

hydroxybutyryl-CoA, hexanoyl-CoA, 

malonyl-CoA, propionyl-CoA, and 

succinyl-CoA 

Methanol -20 °C + 

freeze-thaw 
(Neubauer et al., 2015) 

Plant tissue 
Acetyl-CoA, malonyl-CoA and 

propionyl-CoA 

5% trifluoroacetic acid 

+ homogenizer 
(Hayashi & Satoh, 2006) 

Animal tissue 

Acetyl-CoA, malonyl-CoA and other 

short-chain and long-chain CoA 

thioesters 

2-Propanol, KH2PO4, 

NH4SO4, ACN at 4 °C 
(Magnes et al., 2008) 

 

 

2.8 Branched-chain amino acids as ideal source for pamamycin relevant CoA thioesters 

Among the proteinogenic amino acids, the branched-chain amino acids (BCAAs) L-valine, L-

leucine, and L-isoleucine account for about 18% of all amino acids in protein across many life-

forms (Neinast et al., 2019). Therefore, the small hydrophobic and branched amino acids serve as 

essential building blocks for all biological processes. Despite not all organisms are able to 

synthesize them on their own, the catabolism pathways are still highly conserved in nature cross-
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species (Neinast et al., 2019). The initial enzymatic reactions are similar for all three BCAAs 

beginning with a transamination forming respective branched-chain α-ketoacids α-ketoisovaleric-

acid, α-ketoisocaproic-acid, and β-methylvaleric-acid, respectively (Sprusansky et al., 2005). The 

following two steps are common to all BCAAs, performed by the branched-chain amino acid 

dehydrogenase (BCDH) complex. First, the respective acid gets decarboxylated and a subsequent 

dehydrogenation by NAD results in the corresponding acyl-CoA thioester derivative isobutyryl-CoA, 

isovaleryl-CoA, and α-methylbutyryl-CoA. In detail, the BCDH complex consists of four subunits, 

E1-α- and E1-β with a dehydrogenase and decarboxylase function, E2 with acyltransferase 

function, and E3 with a dihydrolipoamide dehydrogenase function. The genes encoding the first 

three subunits are clustered together, interestingly, the gene encoding E3 is not linked to the 

genetic BCDH cluster and is located elsewhere in the genome (Sprusansky et al., 2005). The 

subsequent steps convert the respective CoA derivatives further finally entering the central carbon 

metabolism into the tricarboxylic acid (TCA) via acetyl-CoA or succinyl-CoA. 

Regarding the production of secondary metabolites, BCAAs seem a promising supplement for 

improved production titers (Rebets et al., 2015; Yi et al., 2018). For instance, supplemented L-

valine increased the bitespiramycin titer by 45% in S. spiramyceticus. The use of the L-leucine did 

not affect the final titer but shifted the production spectrum towards isovalerylspiramycin, a 

bitespiramycin derivative, resulting in a different incorporation of available CoA thioesters (Li et al., 

2009). Regarding the biosynthesis of pamamycin, the degradation of the BCAAs supplies 

methylmalonyl-CoA and succinyl-CoA.  

Since the BCDH complex is conserved within most bacteria, Streptomycetes are unique since they 

possess two BCDH clusters within their genome (Sprusansky et al., 2005). Targeting the BCDH 

complex was found useful to improve secondary metabolite production. The overexpression of the 

BCDH complex for instance, yielded a 52-fold increased actinorhodin level in S. coelicolor (Kim et 

al., 2014).  

The regulation of the BCDH cluster was mainly investigated in Pseudomonas putida 

(Madhusudhan et al., 1999) and Bacillus subtilis (Debarbouille et al., 1999). It was found that the 

transcriptional activator BkdR, upstream of the BCDH cluster, affected the degradation of BCAAs. 

A homologue to bkdR was then discovered in S. coelicolor, placed in front of one of the two BCDH 

clusters (Sprusansky et al., 2005). Its protein product revealed high similarity to the leucine-

responsive regulatory proteins (Lrp), a class of transcription factors (Lee et al., 2015). The deletion 

of this regulator in S. coelicolor affected morphological development and secondary metabolism 

(Sprusansky et al., 2005). A null mutant of this gene was defective in sporulation and failed in 

associated actinorhodin production, indicating a more global function in Streptomycetes. 

Additionally, BKdR was shown to repress transcription of one BCDH cluster, causing constitutive 

overexpression in the null mutant (Sprusansky et al., 2005). Furthermore, the role of bkdR in the L-
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valine-dependent valinomycin and bafilomycin production in Streptomyces sp. M10 was 

investigated (Lee et al., 2015). Here, the knockout of bkdR yielded a 2.4-fold increased production 

of bafilomycin but did not affect the valinomycin yield. Both secondary metabolites share 2-

ketoisovaleric acid, a deamination product of L-valine, as common precursor. While valinomycin 

requires D-hydroxyisovaleric-acid through oxidation, bafilomycin precursor is isobutyric-acid which 

is formed from 2-ketoisovaleric acid through the BCDH complex (Lee et al., 2015). The few 

different studies on bkdR so far, highlight the importance of this regulator for the breakdown of 

BCAAs, secondary metabolism and morphology. 
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3 Scientific Articles 

 

The thesis is based on three research papers, all reproduced in this chapter. 

 

3.1 Gläser et al. 2020  

 

A common approach for absolute quantification of short chain CoA thioesters in 

prokaryotic and eukaryotic microbes.  

 

Lars Gläser, Martin Kuhl, Sofija Jovanovic, Michel Fritz, Bastian Vögeli, Tobias J. Erb, Judith 

Becker, and Christoph Wittmann 

 

Microbial Cell Factories 19, 160 (2020).  

 

https://doi.org/10.1186/s12934-020-01413-1 

 

This is an open access article published under the terms of a Creative Commons Attribution 4.0 

International License. 

 

BV synthesized CoA thioesters. LG, MK and MF developed the CoA thioester extraction and 

analytical protocol. LG produced the 13C labeled extracts and conducted cultivation of S. albus, C. 

glutamicum, and P. putida. SJ performed cultivation of Y. lipolytica. LG conducted thioester 

analysis. CW conceived and structured the work. LG, JB and CW wrote the first draft of the 

manuscript. All authors critically commented and improved the manuscript. All authors read 

and approved the final manuscript.  
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3.2 Gläser et al. 2021 

 

Superior production of heavy pamamycin derivatives using a bkdR deletion mutant of 

Streptomyces albus J1074/R2 

 

Lars Gläser, Martin Kuhl, Julian Stegmüller, Christian Rückert, Maksym Myronovskyi, Jörn 

Kalinowski, Andriy Luzhetskyy, and Christoph Wittmann 

 

Microbial Cell Factories. 20, 111 

 

https://doi.org/10.1186/s12934-021-01602-6 

 

This is an open access article published under the terms of a Creative Commons Attribution 4.0 

International License. 

 

CW designed and supervised the study. LG carried out the cultivation experiments and performed 

the CoA thioester analysis. LG and MK conducted pamamycin analysis. JS and MM performed 

genetic engineering. CR and JK performed RNA sequencing and data processing. LG und CW 

analyzed the data, drew the figures, and wrote the first draft of the manuscript. All authors critically 

commented and improved the manuscript. All authors read and approved the final manuscript. 
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3.3 Kuhl et al. 2020 

 

Microparticles globally reprogram Streptomyces albus toward accelerated morphogenesis, 

streamlined carbon core metabolism, and enhanced production of the antituberculosis 

polyketide pamamycin 

 

Martin Kuhl, Lars Gläser, Yuriy Rebets, Christian Rückert, Namrata Sarkar, Thomas Hartsch, Jörn 

Kalinowski, Andriy Luzhetskyy, and Christoph Wittmann 

 

Biotechnology and Bioengineering. 2020; 117: 3858– 3875.  

 

https://doi.org/10.1002/bit.27537 

 

This is an open access article distributed under the terms of the Creative Commons CC BY 

license. 

 

C. W. designed the project. M. K. conducted the cultures. M. K. and Y. R. performed pamamycin 

analysis. M. K. and L. G. performed CoA ester analysis. C. R. and J. K. performed RNA 

sequencing. C. R., J. K., N. S., and T. H. processed and evaluated the RNA sequencing data. M. 

K. and C. W. analyzed the data, drew the figures, and wrote the first draft of the manuscript. All 

authors commented, extended, and improved the manuscript. All authors read and approved the 

final version of the manuscript. 
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4 General Discussion 

4.1 A common approach for quantification of intracellular CoA thioesters applicable in 

broad biotechnological application fields 

 

CoA thioesters play an important role in metabolism as cofactors, participating in 5% of all 

enzymatic reactions (Peter et al., 2016). Simultaneously, they serve as precursors for various 

biotechnology products. In the past, different methods have been investigated on the analysis of 

intracellular CoA thioester in microbial cells, plant and animal tissues, specifically elaborated for 

the given question and condition (Gläser et al., 2020). These methods differ in complexity of 

sampling, extraction solutions, as well as the latter analysis, and data processing. Precise and 

reproducible results in metabolomics generally demand for the utilization of quick and simple 

extraction tools, to avoid excessive demands and possible sources of errors (Liu et al., 2019).  

In this work, a precise method for the quantification of intracellular CoA thioesters using liquid-

chromatography mass spectrometry in microbial cells was established. This common approach is 

characterized by an easy handling protocol and high reproducibility, using an isotopic labeled 

internal 13C-standard for accurate absolute quantification. In general, the method was able to 

analyze ten different short-chain CoA thioesters and free coenzyme A. Additionally, CoA-CoA 

dimers (CoASSCoA) as omnipresent side product due to its highly reactive free thiol group was 

identified. Using a synthetic standard, it was possible to separate all CoA thioesters within 10 

minutes of separation time in a linear range covering 5-8 orders of magnitude, down to picomolar 

level. Even challenging isobaric derivatives, such as succinyl-CoA and methylmalonyl-CoA, as well 

as methylsuccinyl-CoA and ethylmalonyl-CoA were separated successfully. Initial obstacles 

concerning high salt concentrations in some samples using media with elevated ionic strength, 

resulted in dramatic loss of separation quality and durability of the column. Detailed optimization, 

especially regarding column geometry, enabled sustainable and stable analysis, and provided 

excellent reproducibility over time without quality losses. The use of tailor-made internal CoA 

thioester 13C-standards for each individual organism, allowed to compensate for eventual 

metabolite losses during sample processing.  

As shown, the optimized workflow was applied to gram-positive Corynebacterium glutamicum 

(Kind et al., 2013) and Streptomyces albus (Rebets et al., 2015), gram-negative Pseudomonas 

putida (Borrero-de Acuna et al., 2014), and the eukaryotic yeast Yarrowia lipolytica (Gemperlein et 

al., 2019). Hereby, the established method enabled robust extraction and quantification of 

intracellular short-chain CoA thioesters in all organisms, whereby each microbe exhibited a 

different spectrum.  
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In summary, the developed method provides a uniform extraction protocol for up to eleven short-

chain CoA thioesters. It appears promising to extend this method for the analysis of other CoA 

thioesters. Conceivable would be aromatic derived thioesters (Ismail & Gescher, 2012) and long-

chain CoA thioesters from fatty acid metabolism (Fujita et al., 2007). Additionally, it appears 

promising to consider the applicability of the obtained extracts for the analysis of other metabolites, 

including cofactors such as NADPH, ATP, organic acids, and amino acids. Eventually only few 

changes would have to be made during adaptation (Bolten et al., 2007; Bordag et al., 2016). This 

could yield a single method applicable for the determination of vast intracellular metabolites 

besides CoA thioesters to gain more detailed insights into cellular metabolism through a single 

metabolite extract. 

 

4.2 The ethylmalonyl-CoA pool is a key node to derive heavy pamamycin derivatives in 

Streptomyces albus J1074/R2  

In this work, a chemically defined minimal medium with mannitol as sole-carbon source was 

selected as basis for systems biology analysis of Streptomyces albus J1074 and its heterologous 

pamamycin producing successor J1074/R2. In addition to the analysis of growth and production 

performance, the absolute quantification of intracellular CoA thioester levels appeared promising 

for first analyzes. 

At first glance, the producer J1074/R2 revealed a growth-correlated accumulation of pamamycin 

derivatives, where the mid-weight pamamycins 607 and 621 made up the main part. The heavy 

weight pamamycins 635 and 649 represented only 4% of the total pamamycin spectrum, and 

pamamycin 663 was even fully absent. Consequently, the quantification of the pamamycin 

precursors (CoA thioesters) appeared interesting to obtain more insight into the biosynthesis of the 

different derivatives. 

As shown, the pamamycin producer J1074/R2 exhibited up to ten-fold decreased levels of 

intermediates of the ethylmalonyl-CoA pathway, in particular β-hydroxybutyryl-CoA, 

methylsuccinyl-CoA, and crotonyl-CoA in comparison to the non-producing J1074, respectively. 

Interestingly, ethylmalonyl-CoA as the essential building block to produce the heavy pamamycin 

derivatives 635, 649, and 663 was dramatically reduced in the pamamycin producer. It was 

interesting to note that the ratio of malonyl-CoA, methylmalonyl-CoA, and ethylmalonyl-CoA was 

perturbated from 100:40:10 in the wildtype to 100:30:1 in the producer J1074/R2. The formation of 

pamamycin in the producer host clearly consumed more building blocks than supplied from central 

metabolism, indicating a bottleneck of ethylmalonyl-CoA for the biosynthesis of these poorly 

explored heavy pamamycin derivatives. Furthermore, the increased levels of malonyl-CoA 
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consequently promoted the synthesis of smaller pamamycins, which can be formed without any 

contribution of ethylmalonyl-CoA. 

Since the discovery of pamamycins, only few studies described the biological activity of the 

different pamamycins (Hashimoto et al., 2003; Kozone et al., 2008; Hashimoto et al., 2011), 

antibacterial activity against Mycobacteria (Lefevre et al., 2004), and Bacilli (Natsume, 1999). 

Detailed data is mainly available for pamamycin 607 and 621, the dominant derivatives in most 

studies. So far, the inaccessibility of heavy pamamycin derivatives has prevented a closer 

exploration of their biological activity profiles. At this point, manipulation of ethylmalonyl-CoA 

availability appears a promising strategy for increased production of heavy pamamycin derivatives. 

 

4.3 Systems biology identifies the amino acid L-valine as trigger towards heavy 

pamamycin derivatives 

Amino acids are an additive for the production of secondary metabolites in Streptomyces 

(Sprusansky et al., 2005; Barka et al., 2016). Therefore, a supplementation of the used minimal 

medium with all 20 proteinogenic amino acids was studied. Notably, the addition of L-valine (3 mM) 

nearly tripled pamamycin production to 3.5 mg L-1. Interestingly, the distribution of pamamycin 

derivatives was shifted towards more heavy derivatives, which made up about 25% of the mixture. 

A more detailed analysis revealed mixed side effects caused by the feeding of L-valine, including 

impaired growth, suppressed pamamycin production until L-valine depletion, but a subsequent 

phase with boosted production of heavy pamamycins.  

Combining the quantification of intracellular CoA thioesters and global transcription profiling 

revealed dynamic effects of L-valine on transcriptome and precursor supply, providing first 

sprawling insights into the cellular background of pamamycin biosynthesis. The impaired growth 

caused by L-valine was clearly found as result of decreased gene expression in primary 

metabolism including mannitol PTS-mediated uptake system. The suppressed pamamycin 

production during L-valine degradation observed, was not consistent with the increased gene 

expression level of the pamamycin gene cluster. This contrast clearly indicates a L-valine mediated 

post-transcriptional control apparently related to the nutrient status. 

Regarding other secondary metabolism, the gene expression of various secondary metabolite 

clusters was found decreased. This coherent impaired growth and limited biosynthesis of 

secondary metabolites affected by the presence of L-valine was also observed in the production of 

spiramycin (Lounes et al., 1995) and pikromycin (Yi et al., 2018) where excess of this amino acid 

reduced cell growth and production. This response indicates L-valine as a critical signaling 

molecule influencing growth, morphology and associated secondary metabolism. A connection 

between the cellular regulation and the presence of the BCAAs is imaginable through the stringent 
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response (Fang & Bauer, 2018). This physiological process gets mediated by the alarmone 

molecules guanosine 5′-diphosphate,3′-diphosphate (ppGpp) and guanosine 5′-triphosphate,3′-

diphosphate (pppGpp), via the two enzymes RelA and SpoT (Fang & Bauer, 2018). This system is 

important for nutrient sensing, specially nitrogen starvation (Strauch et al., 1991; Hesketh et al., 

2007; van Wezel & McDowall, 2011) and was also shown to affect secondary metabolism and 

morphology in other Streptomyces strains (Ochi, 1987; Saito et al., 2006; Hesketh et al., 2007). 

Furthermore, studies in Rhodobacter capsulatus also revealed a direct binding of the BCAAs to 

these regulatory enzymes (Fang & Bauer, 2018), indicating a close connection between the 

presence of those amino acids and the complex regulatory networks behind secondary metabolism 

in Streptomyces.  

The determination of intracellular CoA thioester levels then revealed the impact of L-valine on CoA 

metabolism. Besides a nearly 100-fold increased level of iso-/butyryl-CoA, CoA thioesters 

participating in the ethylmalonyl-CoA pathway were increased up to 30-fold, revealing even higher 

levels than in the control after L-valine depletion. Indisputable is the close connection between L-

valine degradation and the increased amount of ethylmalonyl-CoA observed here. Key enzymes 

here are isobutyryl-CoA mutase (XNRR2_1417) and acetyl-/propionyl-CoA carboxylase 

(XNRR2_4211), presumably forming a bypass to common L-valine degradation towards butyryl-

CoA and subsequent carboxylation to ethylmalonyl-CoA. Both genes were increased in expression 

level when L-valine was supplemented. Previous studies in S. cinnamonensis identified isobutyryl-

CoA mutase as key enzyme during L-valine degradation towards methylmalonyl-CoA and 

subsequent polyketide biosynthesis (Vrijbloed et al., 1999). The high concentration of iso-/butyryl-

CoA, even hours after L-valine depletion, served as continuous reservoir to supply the respective 

precursors for reinforced pamamycin production. This “memory effect” was true for 3-

hydroxybutyryl-CoA as well.  

 

4.4 BkdR as global player in the regulation of secondary metabolism 

The degradation of all three branched-chain amino acids includes a common step, catalyzed by 

the branched-chain amino acid dehydrogenase complex (BCDH complex). This multienzyme 

complex converts the respective α-ketoacid after deamination to a CoA thioester (Li et al., 2009; 

Stirrett et al., 2009; Yi et al., 2018; Neinast et al., 2019). As shown in this work, the addition of L-

valine had not only beneficial impacts, but also repressed growth and perturbated pamamycin 

production until the amino acid was depleted. A bkdR deletion mutant, lacking the key regulator of 

the BCDH complex, exhibited decoupled pamamycin production, independent from the nutrient 

status. Simultaneously, growth of the mutant was substantially improved, and even enabled 

pamamycin production after substrate depletion during the stationary phase. Approximately, 30% 
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of total pamamycin was produced within this newly observed production phase, which particularly 

stands out due to the extremely high production (~55%) of heavy pamamycins derivatives. 

An earlier study already mentioned, that BkdR probably has a more extensive influence on the 

primary and secondary metabolism, especially on the shift between vegetative and aerial growth 

(Sprusansky et al., 2005). The results shown in this work clearly support this thesis. The repressing 

effects of L-valine on growth and sugar uptake were diminished in the mutant. Furthermore, the 

impact of L-valine on genes participating in its degradation was similar in both strains, reflecting a 

minor influence of BkdR on BCAA catabolism itself, then previously expected. All in all, the data 

shown here indicate a more global role of BkdR in Streptomyces albus, apart from its originally 

estimated function as a regulator of the BCDH complex. So far, however, no precise statement can 

be made about the exact function of this regulator. More detailed analyzes appear to be useful in 

the future.  

 

5 Conclusion and Outlook 

Despite the ongoing discovery of new antibiotics and improvements in production, the number of 

new antibiotics approved for medical use has decreased steadily over the past decades (Ventola, 

2015). The genus of Streptomyces is one of the most relevant groups of biotechnologically used 

bacteria (Kitani et al., 2011; Barka et al., 2016). The huge repertoire of biologically active 

metabolites encoded in their genome gives us a spark of hope in the fight against the steadily 

increasing antibiotic resistance crisis (Ventola, 2015; Barka et al., 2016). In addition to the 

discovery of new substances, the increase of production titers remains important to provide 

sufficient amounts (Bekiesch et al., 2016). A better understanding of the cellular processes around 

primary and secondary metabolism appears crucial superior production hosts (Hwang et al., 2014). 

This study focused on systems biology of Streptomyces albus to produce the antituberculosis 

polyketide pamamycin, a family of secondary metabolites being naturally produced in a mixture of 

different homologues. At first, a common approach for the absolute quantification of intracellular 

CoA thioester, precursors of pamamycins, using liquid chromatography-mass spectrometry was 

successfully established. Due to the high relevance of CoA thioesters as crucial precursors for 

biotechnological products, the cross-species applicability to other biotechnological organisms was 

verified. The broad application range of the approach appears useful as a standardized workflow 

for the precise quantification of CoA thioester also in other studies. Here, first experiments 

revealed only marginal production of the heavy weight pamamycin derivatives 635, 649, and 663. 

The comparison of J1074/R2 with the wildtype-like non-producer J1074 on CoA thioester levels, 

revealed limited ethylmalonyl-CoA availability as major reason for the that hindered production of 

heavy pamamycin derivatives. Beneficially, the branched-chain amino acid L-valine could be 
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identified as suitable additive to trigger the formation of heavy pamamycins. The integration of data 

from metabolome and transcriptome provided important insights into the regulatory mechanisms, 

affecting growth and production performance. While excess L-valine suppressed growth and 

perturbated pamamycin production start, however, the degradation intermediates built a persistent 

memory effect probably providing pamamycin precursor for a subsequent boosted production. 

Nevertheless, the set-up appeared suboptimal to some extent, therefore a knockout of the gene 

bkdR encoding a transcriptional regulator of the BCDH complex broke the unknown regulatory 

interactions. This superior producer exhibited a decoupled pamamycin production from nutrient 

status, improved growth performance and further optimized the production of the rare heavy 

pamamycin homologues. Again, the strategy of systems level analysis combining metabolome and 

transcriptome data revealed interesting insights into potential regulatory mechanisms.  

Altogether, the data obtained in this work offers numerous interesting approaches and insights into 

the cellular behavior of Streptomyces albus that seem also helpful in the production of other 

restricted secondary metabolites, far beyond the production of pamamycins. 
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