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Streptomyces are soil-dwelling bacteria that are well known for their strong 

ability to synthesise a wide array of secondary metabolites such as antibiotics. 

They are in fact the main source of natural antibiotics used nowadays in 

medicine. Synthesis of antibiotics in these bacteria is regulated by a variety of 

signalling molecules that serve as a way of communication between the 

members of a population to synchronise their production. The best known 

signalling molecules in Streptomyces are γ-butyrolactones that regulate the 

production of very diverse antibiotics in these bacteria. These γ-butyrolactones 

are diffusible molecules that act in nano-molar concentrations creating a 

response in the cell by binding to specific receptor proteins in the cytoplasm. 

These receptor proteins are TetR transcriptional repressors that often bind to 

the promoter regions of genes encoding for activators of antibiotic 

biosynthetic gene clusters. Binding of γ-butyrolactones prevents these TetR 

repressors from binding to the DNA at their specific targets. This causes a 

cascade of regulation that results in the synthesis of antibiotics.  

Streptomyces are a rich source of novel antimicrobial compounds judging from 

the large number of cryptic secondary metabolite gene clusters encoded in 

their genomes (Omura et al, 2001, Bentley et al, 2002, Ikeda et al, 2003, 

Mochizuki et al, 2003, Ohnishi et al, 2008, Medema et al, 2010, Olano et al, 

2014). Understanding the intricate mechanisms of regulation of signalling 

systems involved in antibiotic biosynthesis will allow us to design more 

efficient strategies to manipulate or awaken secondary metabolite pathways 

for the synthesis of antibiotics in Streptomyces. The aim of the research 

reported in this PhD thesis was to gain further knowledge on the biosynthesis 

of γ-butyrolactones in Streptomyces coelicolor, as well as on the regulation and 

functioning of the butyrolactone signalling system to better understand the 

regulation of antibiotic synthesis in this bacterium. Current knowledge of the 

butyrolactone signalling system and regulation of antibiotic synthesis in S. 

coelicolor is reviewed in Chapter 1. 

The SCB signalling system 

Streptomyces coelicolor is the model organism of the genus Streptomyces. In S. 

coelicolor γ-butyrolactones (SCBs) directly regulate the synthesis of the 

antibiotic coelimycin and the yellow pigment coelimycin P1 (Takano et al, 

2005, Gomez-Escribano et al, 2012) and are also involved indirectly in the 

regulation of the biosynthesis of the antibiotics actinorhodin (Act) and 
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undecylprodigiosin (Red) (Takano et al, 2000, Takano et al, 2001). The 

regulatory mechanism of the SCB signalling system in S. coelicolor is not fully 

understood. ScbA is the key-enzyme in SCB biosynthesis in S. coelicolor that 

synthesises SCBs in the transition phase of growth (Takano et al, 2001, Hsiao et 

al, 2007). ScbR is the SCB receptor protein and an autoregulator that represses 

the transcription of its own gene by binding to the DNA upstream of its 

promoter region (site R) (Takano et al, 2001). SCBs accumulate until they reach 

a threshold at which they bind to ScbR. This binding provokes a change in ScbR 

conformation that prevents it from binding to the DNA thus releasing the 

repression which results in an increase in the levels of ScbR. ScbR is also able to 

bind to the promoter region of scbA (site A) (Takano et al, 2001) and is 

involved in the regulation of scbA transcription (Chapter 2). This constitutes a 

feedback loop mechanism that ensures the tight regulation of this system. 

Furthermore, ScbR controls the expression of the CPK cluster for the 

biosynthesis of coelimycin by repressing the transcription of cpkO, encoding 

for an activator of the cluster (Takano et al, 2005) (Figure 1).  

In transition phase of growth, SCBs are synthesised and activate the SCB 

system by binding to ScbR and allowing the transcription of scbR. The exact 

mechanism of activation of scbA expression is still not known. The initial 

expression of scbA coincides with the transition from primary to secondary 

metabolism (Nieselt et al, 2010). Nutrient limitation determines the onset of 

the metabolic switch and it seems therefore likely that scbA expression is also 

activated as a response to nutrient limitation. In fact, the pleiotropic regulators 

NdgR, controlling nitrogen source-dependent growth, and DasR, involved in 

the metabolism of N-acetyl glucosamine, were reported to bind to the 

scbA/scbR promoter region (Rigali et al, 2008, Yang et al, 2009). These proteins 

connect nitrogen and carbon metabolism with the SCB signalling system in S. 

coelicolor and thus constitute a link between primary and secondary 

metabolism via the SCB system.  

ScbR regulates the growth phase-dependent expression of the key SCB 
biosynthesis enzyme scbA 

ScbA and ScbR are the key proteins of the SCB system. Their encoding genes 

are located adjacent, and divergent, in the chromosome of S. coelicolor (Figure 

1). ScbA synthesises SCBs that bind to ScbR preventing its self-repression and 

activating transcription of the scbR gene (Takano et al, 2001). ScbA thus 
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regulates ScbR expression indirectly. Interestingly, ScbR has a dual role in 

controlling the expression of scbA through binding to site A in the promoter 

region of scbA. It represses scbA transcription in early stages of growth, and in 

this way, controls the correct timing of scbA expression. ScbR also participates, 

together with other factors or proteins, in the induction of scbA transcription 

in transition phase of growth via this binding site A (Chapter 2). Thus, the SCB 

system constitutes a feedback mechanism in which ScbA and ScbR are 

mutually regulating each other´s expression to ensure the correct ratio of ScbR 

and SCBs in the cell needed for the proper regulation of antibiotic production 

(Figure 1).  

The observation that a scbR deletion mutant is able to produce SCBs, although 

in small amounts compared to the wild type strain, indicates that ScbR is not 

essential for SCBs synthesis. Instead it appears to modulate the amounts of 

SCBs that are synthesised and to ensure that they are produced at the right 

time (Chapter 2). 

 

Figure 1. Schematic representation of the SCB system functioning and regulation in S. 
coelicolor. Red lines indicate repression. Green dashed arrows indicate possible 
activation. ScbA (grey circle) synthesises γ-butyrolactones (SCBs). ScbR (depicted as 
two ovals) binds to site A, in the promoter region of scbA, to site R, upstream of its 
own promoter region and to site OA, in the promoter region of cpkO, encoding for an 
activator of the CPK cluster, repressing transcription of these genes. SCBs bind to ScbR 
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thus preventing repression of ScbR over its targets. Both ScbA and ScbR are 
presumably activating the expression of scbA.  

In addition to ScbR, also ScbA is likely to be involved in the regulation of its 

own expression, since transcription of this gene was strongly reduced when 

most of the coding region of the scbA gene was deleted from the chromosome 

(Takano et al, 2001). An interaction between ScbA and ScbR to activate the 

transcription of scbA was proposed. This protein-protein interaction is 

essential to maintain the bistability characteristic of the SCB system genetic 

switch for production of coelimycin, according to a mathematical model of the 

SCB system developed by Mehra et al. 2008. In this model, this system can 

switch between antibiotic production ON or OFF depending on the 

concentration of SCBs and ScbR (Mehra et al, 2008). Further experimentation 

is needed to confirm this interaction and its role in transcription of scbA. 

New insights in structure-function relationships of ScbA 

ScbA is the key enzyme in the biosynthesis of SCBs in S. coelicolor. ScbA 

possess two AfsA repeat domains that are thought to constitute the active site 

of the protein. Based on the significant sequence similarity of the AfsA repeats 

of ScbA with the active site region of fatty acid synthases FabA and FabZ, 

several conserved residues were identified. Residues E78, R240 and R243 are 

conserved in both AfsA repeats and also in the active sites of FabA and FabZ. 

These residues were mutated in scbA in its original locus in the chromosome. 

The resulting mutant strains had lost the ability for SCB and coelimycin 

production, which suggests that these residues are essential for ScbA folding or 

activity (Hsiao, 2009). 

We have identified additional essential residues for the activity of ScbA. 

Conserved residue R81 in the putative active site of ScbA was mutated in the 

scbA locus. This mutant strain also was unable to produce SCBs, and it did not 

produce coelimycin which suggests that this residue is essential for ScbA 

activity (Chapter 4). In addition, alignment of the amino acid sequence 

between the AfsA repeats in ScbA with the corresponding sequence of other 

ScbA homologues, identified several conserved residues in this region. This 

connecting region between the AfsA repeats seems to constitute an important 

structural feature of ScbA, since phylogenetic analysis of this region in ScbA 

homologues showed similar clustering to the full sequence of ScbA. This region 
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was predicted to form a loop according to a 3D structural model of ScbA. 

Mutating one of these conserved residues in the putative loop of scbA, R174,  

in its original locus in the genome of S. coelicolor also resulted in a mutant 

strain that had lost ability to produce SCBs as well as coelimycin. This indicates 

that this residue is also essential for the activity of ScbA and highlights the 

importance of such irregular motifs as loops for the activity of the protein 

(Chapter 4). It has, in fact, been reported that loops can be essential for 

protein activity (Fetrow, 1995). Whether this loop participates in folding or 

affects substrate binding or reaction specificity has still to be determined.  

Besides the effects of these point mutations in scbA on the production of 

coelimycin, these mutations also affected the production of Act and Red 

antibiotics. An earlier production of both these antibiotics was observed for 

the mutant strains, similar to the phenotype observed for the scbA deletion 

mutant (Chapter 4). These results confirm the role of ScbA, and of the SCB 

system, in the regulation of Act and Red production that was evident from the 

remarkable differences in production observed in the scbA and scbR deletion 

mutants as previously reported (Takano et al, 2001). 

Identification of two reductases involved in the synthesis of SCBs 

We identified two additional proteins that are involved in the biosynthesis of 

the signalling molecules γ-butyrolactones in S. coelicolor. ScbB (SCO6264; 

putative ketoreductase) and ScbC (SCO6267; putative oxidoreductase) were 

found to be essential for the production of SCBs since their gene deletion 

mutant strains failed to produce SCBs and coelimycin (Chapter 3).  

Interestingly, the key SCB biosynthetic enzyme ScbA shows a similar 

phylogenetic clustering with ScbC (Chapter 3) which suggests a close functional 

relationship between these proteins. In fact, scbA and scbC are part of an 

operon and are co-transcribed. In agreement with this, ScbR was confirmed to 

also repress the expression of scbC in exponential and early transition phase, 

and the gene deletion mutant strains for scbA and scbC showed a similar 

antibiotic production phenotype (Chapter 3).  

ScbC has clear similarity with the BprA oxidoreductase in S. griseus catalysing 

the reduction of the butenolide phosphate, intermediate of the A-factor 

biosynthetic pathway (Kato et al, 2007). ScbC is thought to catalyse the same 

reaction. However, no accumulation of butenolide phosphate was detected in 
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the scbC deletion mutant. Moreover, there was no accumulation of any of the 

predicted intermediates (based on the described biosynthetic pathways for A-

factor in S. griseus and VBs in S. antibioticus and S. virginiae) of the SCB 

biosynthetic pathway in the scbC or in the scbB deletion mutant (Chapter 3). 

Accumulation of intermediates may have an inhibitory effect on the enzymes 

involved, or they may be recycled and used in other pathways. The 6-dehydro-

SCBs were detected in the wild type strain S. coelicolor M145, which proves 

that one of the pathways described for S. griseus and S. virginiae is also 

present in S. coelicolor, although perhaps a different sequence of enzymatic 

steps is taking place. Experiments with labelled precursors or chemically 

synthesised predicted intermediates of the pathway will give more information 

regarding the steps involved in this biosynthetic pathway. 

According to the γ-butyrolactone biosynthetic pathways described in S. griseus 

and S. virginiae, the last step in the SCB biosynthetic pathway in S. coelicolor is 

thought to be the reduction of the keto group in C6 of A-factor-like compounds 

(6-dehydro γ-butyrolactones) into the SCBs (Shikura et al, 1999, Shikura et al, 

2002, Kato et al, 2007). In S. virginiae the enzyme BarS1, sharing 32% of amino 

acid identity with ScbB, is responsible for catalysing this reduction step 

(Shikura et al, 2002). We have confirmed the activity of ScbB in converting 

chemically synthesised 6-dehydro SCBs into SCB1 and SCB2 by in vitro 

enzymatic assays, which suggests that this enzyme is responsible for this last 

step in their biosynthesis in vivo (Chapter 3).  

The complex regulatory mechanism of the SCB system 

The SCB system is regulated by a complex mechanism. Besides the regulatory 

roles exerted by ScbA and ScbR, several other regulatory factors are controlling 

the system at the transcriptional level.  

The scbA and scbR genes are located adjacent to each other and they are 

divergently oriented. Their transcripts overlap by 54 nt. These overlapping 

transcripts are predicted to form an antisense RNA (asRNA) that plays a role in 

controlling the expression of scbA and scbR. According to a mathematical 

model developed for this system, this asRNA is essential to maintain the 

bistability of this system as a switch for antibiotic production (Chatterjee et al, 

2011). Antisense RNAs (asRNAs) have several regulatory functions in 

transcription and in some cases can affect protein translation (reviewed in 
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(Storz et al, 2004, Thomason et al, 2010, Lybecker et al, 2014)). This scbA/scbR 

cis-antisense RNA represents an additional factor that may regulate the 

amount of scbA and scbR transcripts produced, that adds up to the complexity 

of this system.  

Several proteins were reported to bind to the scbA-scbR intergenic region. 

NdgR and DasR, as mentioned above, constitute the link between primary 

metabolism and the activation of the SCB system. Other proteins known to 

bind to the scbA/R promoter region are SlbR, that interacts with SCB1 and 

regulates antibiotic production and sporulation (Yang et al, 2008, Yang et al, 

2012), SCO3201, which seems to work as a mimic of ScbR (Xu et al, 2010a), 

CprB, that binds to the site R in the promoter region of scbR (Bhukya et al, 

2014), and ScbR2, a pseudo-γ-butyrolactone receptor and transcriptional 

repressor of the CPK cluster (Wang et al, 2011). These proteins may also affect 

the transcription of scbA and scbR. The apparent regulation of the SCB system 

by so many and diverse proteins that are involved in primary and secondary 

metabolism, indicates that the SCB system is responding to different 

environmental and physiological signals and demonstrates that this system is 

of major importance in regulation of antibiotic production.  

 We have identified another factor involved in regulating the SCB system that 

adds to its great complexity (Chapter 5). An additional transcription start site 

for scbR (TSS2) was found from which transcription is taking place in the wild 

type strain M145. The scbR transcript levels show an increase in transition 

phase of growth from the TSS2 in M145, the same transcription profile that 

was observed from the previously identified TSS1. However, scbR transcription 

from TSS2 was detected only in basal levels in the wild type strain M600 

(Chapter 5) while transcript levels from the TSS1 were reduced in comparison 

with the levels detected in M145. M145 and M600 are two wild type strains 

that differ genetically in that M600 possesses two long terminal inverted 

repeats at its chromosomal ends that result in 1005 duplicated genes 

compared to M145 (Weaver et al, 2004). Phenotypically, M600 is delayed in 

Act, Red (Gottelt et al, 2012) and coelimycin synthesis (Chapter 5) compared to 

M145 but the factors influencing this antibiotic phenotype are unknown. The 

different phenotypes of these two wild type strains thus may be caused by the 

induced expression of scbR from both the TSS1 and the TSS2 in M145 and the 

reduced and basal transcript levels observed in M600 from TSS1 and TSS2 

respectively. This differential expression may be the result of an additional 
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regulatory factor that is present in the M145 wild type strain but absent in 

M600. It will be interesting to determine whether any of the proteins 

mentioned above, known to bind to the promoter region of scbA/R in S. 

coelicolor M145 (Yang et al, 2008, Yang et al, 2009, Xu et al, 2010a, Xu et al, 

2010b, Yang et al, 2012), are also expressed in the M600 strain and whether 

they are able to bind to the scbA/scbR promoter region.  

Transcription from scbR TSS2 yields a longer overlapping region between scbA 

and scbR transcripts. As a result also the scbA/scbR asRNA is longer and 

presumably more effective in regulating the transcription of these genes 

(Tatout et al, 1998, Rasmussen et al, 2007). TSS2 may therefore provide a 

more efficient regulation for the expression of these genes. The presence of 

this secondary start site for scbR constitutes an additional regulatory factor 

demonstrating the complexity of regulation of this system.  

The work presented in this thesis provides new insights in the complex 

regulatory mechanism of the SCB system. The unravelling of the γ-

butyrolactone signalling system is of great importance for a better 

understanding of regulation of antibiotic biosynthesis in S. coelicolor. It also 

provides a firm basis for subsequent metabolic engineering to stimulate 

synthesis of selected antibiotics.     
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