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I. Bacterial Quorum Sensing 

United we stand 

Bacterial survival in the environment is challenging. To increase their survival 

capacities as unicellular organisms, bacteria employ mechanisms by which they 

can join forces with other members in a population. For this purpose bacteria 

communicate through the sending and sensing of chemical compounds that 

reflect an increase in cell density or changes in environmental or physiological 

conditions (Xavier et al., 2003, Boyer et al., 2009). This mechanism of bacterial 

communication is called Quorum Sensing (QS) (Fuqua et al., 1994) and allows 

bacteria to socialise, coordinating or synchronising their behaviour to regulate 

diverse mechanisms that provide a benefit to the community, and thus act as 

multicellular organisms.  

In a QS mechanism, bacteria produce and release small compounds to the 

extracellular environment in a specific phase of growth, or in response to 

specific environmental or physiological conditions (Winzer et al., 2002). These 

compounds are signalling molecules that accumulate until they reach a certain 

threshold before they are perceived by a specific receptor protein creating a 

specific response. This response causes a coordinated behaviour in all 

members of the population, namely a coordinated change in gene expression 

(Figure 1). This mechanism allows bacteria to act as a big multicellular 

organism. Other extracellular compounds released by bacteria are not QS-

signalling molecules, such as some toxic bacterial metabolites, because the 

response produced by them is limited to the mechanism needed to detoxify 

them (Winzer et al., 2002). QS-signalling molecules comply with the above 

criteria and produce a cellular response that provides an advantage to the 

population.  

A large variety of mechanisms in the bacterial cell are regulated by QS. These 

are generally mechanisms that are unproductive when carried out by a single 

cell, and become effective when carried out by a group. Examples are 

bioluminescence, virulence factor production, biofilm formation, secondary 

metabolites and antibiotic production, competence and sporulation (Figure 1) 

(reviewed in Fuqua et al. (2002), Bassler et al. (2006), Williams et al.  (2007), 

Garg et al. (2014)). A comprehensive understanding of bacterial quorum 

sensing provides important and useful tools for the discovery and 
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development of new antimicrobial agents. QS itself has also become  a target 

to avoid some of these bacterial responses, e.g. for antivirulence drugs or to 

prevent biofilm formation. These QS related antimicrobials differ from the 

traditional antibiotics that kill or inhibit the growth of the pathogens, because 

they do not affect growth, but just avoid the production of pathogenicity 

factors, such as virulence factors or the formation of biofilms, thus avoiding 

the selective pressure that causes the appearance of antibiotic resistance. In 

addition, QS is an important tool to discover new natural compounds with 

antibacterial activity by awakening cryptic biosynthetic gene clusters. QS also 

has interesting applications in synthetic biology (artificial QS networks have 

been engineered with different biotechnological and therapeutical 

application), as biosensors for pathogen diagnosis and cancer cell detection, 

and to prevent biofouling (reviewed in Choudhary et al. (2010) and Garg et al. 

(2014)).  

 

 

Figure 1. Schematic representation of bacterial Quorum Sensing. Sending: Bacteria 
produce and release small compounds to the extracellular environment where they 
accumulate. Sensing: When the concentration of these small compounds or signalling 
molecules reaches a certain level, specific receptor proteins “sense” their presence 
which provokes transcriptional activation of specific genes. This creates a specific 
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response in all members of the population. Response: Quorum Sensing regulates 
mechanisms such as bioluminescence, virulence factor production, antibiotic 
production, competence and interspecies communication. 

Diversity of QS mechanisms in bacteria 

Quorum sensing mechanisms are widely distributed in the bacterial world. 

Three main classes of bacterial signalling molecules exist; the acyl homoserine 

lactones (AHLs), characteristic of Gram-negative bacteria, small modified 

peptides in Gram-positive bacteria and AI-2 (autoinducer-2) found in both 

Gram-positive and negative bacteria that is thought to facilitate interspecies 

communication.  

 AHL systems are the most common in Gram-negative bacteria and the most 

studied. They control different mechanisms in very diverse Gram-negative 

bacteria such as bioluminescence in Vibrio fischeri, virulence factor production 

in Pseudomonas aeruginosa, virulence factors and antibiotic production in 

Erwinia carotovora, root nodulation in Rhizobium leguminosarum and 

conjugation for transfer of the Ti plasmid in Agrobacterium tumefaciens (Miller 

et al., 2001, Henke et al., 2004, Williams et al., 2007, Atkinson et al., 2009, 

Garg et al., 2014). These molecules are synthesised by LuxI-type synthases and 

sensed by LuxR type specific receptors that upon binding of the signalling 

molecules, bind to the DNA and activate transcription of their target genes 

(Fuqua et al., 2002, Li et al., 2012).  

Gram-positive bacteria predominantly communicate with small post-

translationally processed peptides. These secreted peptides are recognised by 

membrane associated two component sensor histidine kinase systems. Signal 

transduction occurs by phosphorylation cascades of regulation that ultimately 

end up activating a transcriptional regulator responsible for regulation of 

target genes (Kleerebezem et al., 1997, Sturme et al., 2002). These 

autoinducer peptides (AIPs) can be linear and unmodified, such as the 

competence and sporulation factor (CSF) from Bacillus subtilis (Solomon et al., 

1995), the competence stimulatory peptide (CSP) from Streptococcus 

pneumonia (Håvarstein et al., 1995), or class II antimicrobial peptides (AMP) of 

lactic acid bacteria (Nes et al., 2000). Some AIPs present different 

modifications. Nisin, produced by Lactococcus lactis or subtilin produced by B. 

subtillis, which are class I AMP or lantibiotics, contain dehydrated amino acids 

and typical β-methyl-lanthionines (Willey et al., 2007). Other modified 
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peptides contain cyclic lactones or thiolactone structures, such as AIP-1 from 

Staphylococcus aureus controlling the production of virulence factors in this 

human pathogen (Ji et al., 1995). Bacillus subtilis produces the competence 

factor ComX, which is a modified peptide containing an isoprenylated 

tryptophan residue (Magnuson et al., 1994) (reviewed in Kleerebezem et al. 

(1997), Sturme et al. (2002), Thoendel et al. (2010)).   

A different group of molecules, the AI-2-type autoinducers are synthesised and 

recognised by both Gram-positive and negative bacteria, and are thought to be 

a universal signal that facilitates interspecies communication (Xavier et al., 

2003). Autoinducer-2 (AI-2) is a furanosyl borate diester found for the first 

time in the Gram-negative bioluminescent bacteria Vibrio harveyi (Bassler et 

al., 1994, Chen et al., 2002). Many other diverse Gram-negative and Gram-

positive genera have been reported to produce the same or a related molecule 

(Surette et al., 1999, Miller et al., 2001). All AI-2-type compounds are derived 

from a common precursor, 4,5-dehydroxy-2,3 pentanedione (DPD), product of 

the LuxS enzyme (Xavier et al., 2005). The AI-2 signalling system has been 

studied in Vibrio harveyi: the AI-2 receptor is LuxP, which activates a 

phosphorylation cascade that leads to the derepression of LuxR, activator of 

genes for bioluminescence (Bassler et al., 1994, Surette et al., 1999, Ng et al., 

2009). Besides controlling bioluminesce in V. harveyi this QS AI-2 signalling 

mechanism also controls virulence factor production in V. cholera (Miller et al., 

2002, Zhu et al., 2002) and biofilm formation in the Gram-positive Bacillus 

subtilis (Lombardia et al., 2006). Highly conserved LuxS homologues are 

widespread in different Gram-positive and Gram-negative genera. However, 

the LuxP receptor protein is only present in Vibrio species (Sun et al., 2004). 

Other species might have a different yet unidentified receptor protein but it is 

also possible that these AI-2/LuxS systems are not involved in signalling and 

quorum sensing in non-Vibrio species. In fact, LuxS also has a role in the 

activated methyl cycle (AMC) for the detoxification of S-adenosyL methionine 

(SAM). Due to this a debate exists regarding whether LuxS and AI-2 have a 

signalling role in non-Vibrio organisms or whether AI-2 is an intermediate of 

the AMC and not a signal (Sun et al., 2004, Turovskiy et al., 2007, Williams et 

al., 2007, Wang et al., 2012).  

An additional QS signalling molecule involved in interspecies communication, 

autoinducer-3 (AI-3), was found in EHEC (Enterohaemorrhagic E. coli).  AI-3 is 
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produced by the intestinal flora and works as a signal activating transcription 

of virulence genes in EHEC (Sperandio et al., 2003). This autoinducer can also 

interact with the epinefrin/norepinephrine hormonal system of mammals, 

which indicates that this compound is also involved in interkingdom 

communication between pathogenic bacteria and their hosts (Sperandio et al., 

2003).  

An exception to the utilization of small peptides for signalling in Gram-positive 

bacteria is found in the genus Streptomyces. These organisms mainly produce 

signalling molecules called γ-butyrolactones that have a similar structure to the 

AHLs produced by Gram-negative bacteria. These small compounds regulate 

morphological development and secondary metabolite production in these 

bacteria. A-factor was the first γ-butyrolactone described and the most studied 

(Horinouchi et al., 2007). Many other γ-butyrolactones have been described in 

different species of Streptomyces. Streptomyces are one of the most important 

sources of natural antibiotics used in medicine and consequently they are the 

focus of very relevant lines of investigation for the discovery of new 

biologically active compounds. In this regard, γ-butyrolactone systems are a 

highly interesting topic of research since they have the potential for awakening 

cryptic biosynthetic gene clusters for the production of novel antibiotics. In 

addition, understanding the regulation of these γ-butyrolactone systems can 

be a useful tool to manipulate or engineer antibiotic synthesis pathways to 

overproduce commercially important antibiotics that are produced in very 

small amounts in nature.  

 

II. Quorum Sensing in Streptomyces 

The genus Streptomyces 

Bacteria that live in the soil require exceptional means to survive in such a 

changeable environment. To overcome the obstacles that they encounter 

during their life cycle they have developed different mechanisms. 

Streptomyces, a genus of Gram-positive soil-dwelling bacteria, combat these 

problems by producing a large variety of metabolites, such as pigments for UV 

light protection, antifungals, antiparasitic agents or antibiotics, as well as 

extracellular xenobiotic degrading enzymes, to compete against other 
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organisms in the soil. They also produce other metabolites with important 

biotechnological applications such as anti-tumor agents, and 

immunosuppressant drugs, among others (Kieser et al., 2000).  

Antibiotic discovery has suffered a decline over the last decades characterised 

by a gap, or rather a void, in the detection of antibiotics with novel structures 

(Walsh, 2003, Silver, 2011). However, antibiotic resistant pathogenic bacteria 

keep emerging raising the need for detection of new antimicrobial compounds 

or other strategies to combat these pathogens. Streptomyces has gained 

increasing relevance in medicine and biotechnology in the last decades, for 

being the main source of antibiotics of natural origin used nowadays in 

medicine (Kieser et al., 2000). Streptomycetes are the focus of many 

interesting and relevant research strategies due to their ability to produce a 

wide array of secondary metabolites and antimicrobial compounds, but also 

because they possess the genetic potential to provide additional novel 

antibiotics, judged from the abundance in putative secondary metabolite 

orphan gene clusters found 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).  

Regulation of secondary metabolism in streptomycetes is complex and many 

different mechanisms are involved. Antibiotic production is regulated by 

diverse environmental and physiological factors in Streptomyces such as 

nutrient limitation, the so called stringent response, regulatory proteins, and 

extracellular signals, such as γ-butyrolactones or other quorum sensing 

signalling molecules (PI factor, or butenolides are examples) (reviewed in Bibb 

(2005), van Wezel et al. (2011), Martin et al. (2012)). Understanding the 

function and regulation of quorum sensing signalling molecules and how these 

molecules influence antibiotic production is essential for the efficient 

manipulation of biosynthetic pathways to increase production of known 

antibiotics as well as to discover novel antimicrobial compounds.  

Variety of signalling systems in Streptomyces 

Antibiotic production and morphological differentiation in Streptomyces 

species is regulated by quorum sensing. They produce diverse signalling 

molecules that work as important regulatory factors for coordinating the 

production of secondary metabolites and sporulation. The most common 
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signalling molecules in Streptomyces are the γ-butyrolactones. However, 

several other signalling molecules have been reported to be produced in 

different Streptomyces species that regulate secondary metabolites production 

and sporulation in their hosts. Some of these signalling molecules are similar in 

structure to the 2,3 disubstituted γ-butyrolactones such as the butenolides and 

others present more diverse structures such as methylenomycin furans, PI-

factor, diketopiperazines or the protein factor C (Figure 2). 

 

Figure 2. Signalling molecules produced by streptomycetes. The diverse structures of 
the small molecules, representatives of each class, are shown.  

Butyrolactones 

The first discovered and most known γ-butyrolactone is A-factor produced by 

Streptomyces griseus that induces secondary metabolite production and 

morphological differentiation in this bacterium (Horinouchi et al., 2007). AfsA 

is the A-factor biosynthetic enzyme that synthesises A-factor in a growth 

phase-dependent manner (Kato et al., 2007). The A-factor receptor protein 

ArpA is a transcriptional repressor that controls the expression of the 

transcriptional activator AdpA (Onaka et al., 1995, Ohnishi et al., 1999). Upon 

binding A-factor, ArpA loses its ability to bind to the promoter region of AdpA 

which results in activation of AdpA expression. AdpA exerts then its function 

activating the expression of a wide range of genes involved in antibiotic 
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production and morphological differentiation (Kato et al., 2004, Akanuma et 

al., 2009). 

Many other Streptomyces species also produce different γ-butyrolactones that 

are involved in controlling secondary metabolism and morphological 

differentiation. Streptomyces coelicolor, the model organism of the genus, 

produces the γ-butyrolactones SCB1, SCB2 and SCB3 that regulate the 

production of antibiotics in this bacterium (Takano et al., 2000, Hsiao et al., 

2009). These and other butyrolactone systems in other Streptomyces strains 

will be explained in more detail in the following section. 

Butenolides 

Avenolide is a 4-monosubstituted γ-butenolide that induces production of the 

anthelmintic avermectin in Streptomyces avermitilis (Figure 2) (Kitani et al., 

2011). The product of the gene aco, an acyl-coA oxidase, was reported to be 

required for avenolide synthesis. Three homologues of autoregulator 

receptors, AvaR1, AvaR2 and AvaR3 were found in the S. avermitilis 

chromosome in the vicinity of the aco gene. The gene encoding AvaR1 is 

flanked by the aco gene and the gene cyp17 encoding a cytochrome P450 

hydroxylase (Kitani et al., 2011). Deletion of the homologues of these two 

genes in Streptomyces fradiae resulted in abolishment of the production of the 

antibiotic tylosin and of a yet unidentified signalling molecule: organic extracts 

of cultures of the deletion mutants of these genes failed to prevent the binding 

of TylP to its binding sequences as assessed by gel retardation assays, while 

extracts of the wild type strain prevented this binding (Bignell et al., 2007). The 

aco and cyp17 genes homologues in S. fradiae are also flanking the gene 

encoding for TylP, the putative signal molecule receptor protein. Although 

avenolide has only been found and characterised in S. avermitilis, the same 

genes and gene organization have also been found in Streptomyces ghanaensis 

and Streptomyces griseoauranticus, as well as in S. fradiae, suggesting that 

avenolide-type compounds are also being produced in these species (Kitani et 

al., 2011, Mutenko et al., 2014).  

Avenolide-like butenolides have also been isolated from several marine 

Streptomyces species (Braun et al., 1995, Mukku et al., 2000, Cho et al., 2001, 

Viegelmann et al., 2014, Wang et al., 2014a). Their signalling function has not 

been reported, but some have antibiotic activity (Braun et al., 1995, Mukku et 

al., 2000) and it has been suggested that they might be playing a role in 



 

Chapter  1 

10 

 

regulation of secondary metabolite production in these species (Viegelmann et 

al., 2014).  

Streptomyces rochei produces the 2,3 substituted γ-butenolides SRB1 and 

SRB2 (Figure 2). These butenolides induce the synthesis of the antibiotics 

lankacidin and lankamycin in this bacterium (Arakawa et al., 2012). In this 

species an AfsA homologue SrrX is thought to be the key enzyme in the 

biosynthesis of SRB1 and SRB2. SrrA is the putative receptor protein of these 

signalling molecules. In the vicinity of the genes encoding for these proteins 

several other genes are located that encode enzymes for SRBs biosynthesis, 

regulatory proteins homologous to γ-butyrolactone receptors, Streptomyces 

antibiotic regulatory proteins (SARPs) and transcriptional activators that 

constitute a complex regulatory cascade assisting the SrrX/SrrA system in 

regulating the production of antibiotics in S. rochei (Arakawa et al., 2007, 

Yamamoto et al., 2008, Suzuki et al., 2010).  

Methylenomycin furans  

In addition to γ-butyrolactones, S. coelicolor also produces the signalling 

molecules methylenomycin furans (MMFs) (Figure 2) that regulate production 

of the antibiotic methylenomycin. The product of the gene mmfL, located 

within the biosynthetic gene cluster of methylenomycin encoded on plasmid 

SCP1, shares 27% of amino acid identity with AfsA from S. griseus and was 

reported to be required for the biosynthesis of these signalling molecules in S. 

coelicolor (Corre et al., 2008). The pathway for the biosynthesis of these 

signalling molecules has been proposed (Corre et al., 2008, Corre et al., 2010). 

Structurally related 2-alkyl-4-hydroxymethylfuran-3-carboxylic acids (AHFCAs) 

are putative intermediates of this biosynthetic pathway and have been 

isolated from different Streptomyces species. This suggests that other 

Streptomyces species are also producing these types of compounds (Corre et 

al., 2008).  

PI-factor 

PI-factor is another structurally different signalling molecule discovered in 

Streptomyces natalensis regulating the production of the antibiotic pimaricin 

(Figure 2). This diamino-hydroxymethyl-butanediol autoinducer was reported 

to restore pimaricin production in a pimaricin non-producing S. natalensis 

strain and increased production in the wild type by 33% (Recio et al., 2004). 
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The enzymes responsible for the biosynthesis of this molecule have not yet 

been identified.  

Diketopiperazines 

In Streptomyces globisporus, the diketopiperazine MDD ((L)-N-

methylphenylalanyl-dehydrobutyrine diketopiperazine) (Figure 2) regulates the 

production of the antitumor antibiotic landomycin E and sporulation. S. 

globisporus possess a butyrolactone receptor homologue with high nucleotide 

sequence identity to arpA of S. griseus (92%). MDD also induces sporulation, 

streptomycin production and A-factor production in a non-producing non-

sporulating S. griseus mutant strain. Diketopiperazines (DKP) are biologically 

active compounds that are known to mimic the actions of other signalling 

molecules (such as AHLs in LuxR systems) (Holden et al., 1999, Wang et al., 

2010, Tommonaro et al., 2012). MDD is proposed to bind to ArpA in S. griseus 

mimicking the action of A-factor. This explains the biological effect of this 

compound in S. griseus (Matselyukh et al., 2015) and suggests that these 

compounds are involved in interspecies communication between these strains.   

Peptidic signalling molecules 

Streptomyces species also produce lantibiotics, antimicrobial peptides that are 

necessary to enable morphological differentiation. The best known 

representative of these ribosomally synthesised small modified peptides is 

SapB from S. coelicolor, acting as a biological surfactant that facilitates the 

formation of aerial mycelium (Kodani et al., 2004, Willey et al., 2006, de Jong 

et al., 2012). The SapB pre-peptide is encoded in the gene ramS and is 

modified by the enzyme RamC, with similarity to lantibiotic modifying 

enzymes, to yield the mature SapB (Kodani et al., 2004). However, while other 

typical lantibiotics like nisin from Lactococcus lactis and subtilin from Bacillus 

subtilis show signalling roles (Willey et al., 2007), these Streptomyces 

lantibiotics do not appear to have a signalling function, but they are rather 

dedicated to their mechanical role in aerial mycelium formation (Willey et al., 

2006).  

Normally signalling molecules are small diffusible molecules or small secreted 

peptides. However, Streptomyces albidoflavus produces a 324 amino acid 

secreted protein with signalling functions. This protein called factor C is able to 

restore aerial mycelium formation, sporulation and A-factor production in a 
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sporulation deficient, A-factor non-producing S. griseus (Birko et al., 2007, Kiss 

et al., 2008). 

Antibiotics as signalling molecules 

It has become evident in the last decade that antibiotics, besides their role as 

antimicrobials, may have an additional function as signal molecules at sub-

inhibitory concentrations. When they are present in sub-lethal amounts they 

provoke changes in gene expression that affect different processes and 

behaviours: β-lactam antibiotics such as imipenem and penicillin, and 

aminoglycoside antibiotics such as tobramycin, stimulate the formation of 

biofilms in human pathogens such as Pseudomonas aeruginosa or 

Streptococcus pneumonia (Bagge et al., 2004, Hoffman et al., 2005, Rogers et 

al., 2007); the macrolide antibiotic azithromycin inhibits biofilm formation and 

decreases virulence by interfering with quorum sensing systems of P. 

aeruginosa (Nalca et al., 2006); tetracyclines increase virulence in P. 

aeruginosa (Linares et al., 2006); thiazolyl peptide antibiotics promote the 

formation of biofilms in Bacillus subtilis (Bleich et al., 2015) (reviewed in Yim et 

al. (2007), Romero et al. (2011), Andersson et al. (2014). Antibiotics also have a 

role as signals in determining nutrient use in diverse isolates of Streptomyces 

species (Vaz Jauri et al., 2013). Interestingly, several antibiotics were able to 

function as inducers to activate the expression of two cryptic gene clusters in 

the pathogenic bacteria Burkholderia thailandensis when present in low 

concentrations (Seyedsayamdost, 2014).  

Thus, antibiotic activity observed in the laboratory might not reflect the real 

function of these compounds in nature (Bibb, 2005). In fact, it has been argued 

that the primary function of these compounds in nature is as signalling 

molecules, and that they only act as actual antibiotics when they reach a 

certain concentration in the medium (Davies et al., 2006, Yim et al., 2006).  

In Streptomyces, there is also evidence of the function of antibiotics as 

intraspecific signals. Some homologues of γ-butyrolactone receptor proteins 

are in fact not able to bind the butyrolactone signalling molecules and 

therefore have been called pseudo-γ-butyrolactone receptors (Xu et al., 

2010b). ScbR2, from Streptomyces coelicolor and JadR2 from Streptomyces 

venezuelae are two of these pseudo-γ-butyrolactone receptors that were 

reported to bind antibiotics instead of binding γ-butyrolactones in vitro. ScbR2 

binds the endogenous antibiotics actinorhodin and undecylprodigiosin which 
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prevents the binding of ScbR2 to the promoter of cpkO (Xu et al., 2010b), 

encoding for the activator of the gene cluster for the synthesis of the antibiotic 

coelimycin (Takano et al., 2005). ScbR2 was also reported to bind to the DNA in 

the promoter region of redD, encoding for the pathway specific activator of the 

Red biosynthetic gene cluster and adpA (Wang et al., 2014b), encoding for a 

global transcriptional activator, that binds to the promoter regions of redD as 

well as actII-ORF4, encoding for the pathway specific activator of the Act 

biosynthetic gene cluster (Park et al., 2009). ScbR2 binding to Act and Red 

presumably prevents ScbR2 binding to the redD and adpA promoters. This 

suggests that Act and Red are acting as signals to regulate their own 

production. In a similar way, JadR2 binds the endogenous antibiotics 

chloramphenicol and jadomycin thus preventing its binding to the promoter of 

jadR1, encoding for the activator of the jadomycin biosynthetic gene cluster 

(Xu et al., 2010b). Interestingly, ScbR2 could also bind jadomycin, indicating 

that S. coelicolor can also respond to the presence of exogenous antibiotics 

which suggests that interspecies communication exists between these two 

strains (Wang et al., 2014b). Homologues of ScbR2 and JadR2 have also been 

found in S. coelicolor (CprA and CprB) and S. virginiae (BarB) which are also not 

able to bind γ-butyrolactones (Sugiyama et al., 1998, Kawachi et al., 2000, 

Bhukya et al., 2014). However, the specific ligands for these homologues have 

not been identified and it is not yet known whether these proteins can bind 

antibiotics.  

Reinforced regulation or division of labour? 

Different signalling molecules coexist in some Streptomyces species.  

In S. natalensis, both PI-factor and a putative γ-butyrolactone system 

(identified by the presence of genes encoding for AfsA and ArpA homologues) 

regulate production of pimaricin (Recio et al., 2004, Lee et al., 2005, Lee et al., 

2008). Interestingly, S. natalensis is able to respond to A-factor, the γ-

butyrolactone produced by S. griseus; addition of this compound restored the 

production of pimaricin in a pimaricin non-producing S. natalensis strain (Recio 

et al., 2004). This indicates that, either PI-factor and the yet unidentified γ-

butyrolactone are sharing the same receptor protein, or a cross-talk of 

receptors is taking place in S. natalensis. S. ghanaensis, producer of the 

antibiotic moenomycin, possesses genes homologous to γ-butyrolactone and 

γ-butenolide synthases (afsA and aco homologues, respectively) suggesting 
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that this strain is producing both signalling molecules (Mutenko et al., 2014). 

The function of these genes or their protein products has not been 

characterised. However, an AfsA homologue from S. lividans was shown to be 

necessary for the successful heterologous expression of the moenomycin 

cluster from S. ghanaensis: the gene cluster heterologously expressed in a AfsA 

deficient strain of S. lividans failed to produce the antibiotic, while the 

antibiotic was produced when the same gene cluster was expressed in a S. 

lividans wild type strain. This suggests that the AfsA homologue is needed for 

the production of this antibiotic (Mutenko et al., 2014).  

In these examples both signalling systems seem to be regulating the same 

antibiotic production. Antibiotic production and sporulation occur in specific 

phases of growth and these processes must be tightly regulated. The presence 

of two different signalling systems regulating the same physiological process 

may constitute a reinforced regulation ensuring the correct timing and 

functioning of such processes. 

In contrast, in S. coelicolor, different signalling molecules regulate production 

of different antibiotics. γ-Butyrolactones directly regulate the production of 

coelimycin and MMFs regulate production of methylenomycin. There seems to 

be division of labour in this species and every signalling molecule is dedicated 

to the regulation of the production of a specific antibiotic. However, in S. 

coelicolor the same γ-butyrolactones also regulate the production of the 

antibiotics actinorhodin and undecylprodigiosin, but in an indirect manner, 

since the butyrolactone receptor protein ScbR does not directly regulate the 

expression of the biosynthetic gene clusters for these antibiotics (Takano et al., 

2005). It is therefore possible that the presence of several signalling systems in 

a given species is not with the purpose of reinforcing the regulation. Maybe 

only one of the signalling systems present is dedicated to a specific process 

(antibiotic production or sporulation) and the other system is regulating these 

processes indirectly. Interconnection of signalling systems by cross-talk is also 

likely to occur to ensure a tighter regulation of these physiological processes.  

Butyrolactone systems in Streptomyces 

The most common and best known QS signalling molecules in Streptomyces 

are the γ-butyrolactones. These molecules are used to regulate secondary 

metabolite production and morphological differentiation in the same species, 
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but can also function as signals for interspecies communication to regulate 

these mechanisms in other species. γ-Butyrolactone systems are broadly 

distributed in streptomycetes. All these systems consist of a γ-butyrolactone 

synthase and a receptor protein that detects the accumulation of the signalling 

molecules and provokes a regulatory response that ends in antibiotic 

production and in some cases also in sporulation. However, many aspects of 

the synthesis and regulation of these systems are still not understood. Given 

the great genetic potential of streptomycetes to produce novel secondary 

metabolites with new structures (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), a detailed understanding of the intricate mechanism 

of antibiotic induction by these signalling molecules will provide a valuable tool 

to discover new compounds with antibiotic activities by awakening dormant 

antibiotic biosynthetic gene clusters (Scherlach et al., 2009, Medema et al., 

2011) as well as to control the timing and increase production of commercially 

interesting antibiotics.   

γ-Butyrolactones are hormone-like small compounds that act in nanomolar 

concentrations by binding to their cytoplasmic receptor proteins that are 

usually transcriptional repressors, thereby preventing their binding to their 

DNA targets and thus provoking a regulatory cascade leading to antibiotic 

production (Bibb, 2005, Takano, 2006). It has been estimated that about 60% 

of Streptomyces species can produce some type of γ-butyrolactone (Yamada, 

1999). To date, 14 different γ-butyrolactone structures have been identified. 

They all share a 2,3 disubstituted butyrolactone skeleton and differ in the 

reduction state of carbon 6 (C6), in the stereochemistry of C2 and 3 or in the 

length and branching of the side chain (Figure 3) (Khokhlov, 1980, Gräfe et al., 

1982, Gräfe et al., 1983, Mori, 1983, Yamada et al., 1987, Kondo et al., 1989, 

Sato et al., 1989, Mizuno et al., 1994, Takano et al., 2000, Hsiao et al., 2009, 

Zou et al., 2014). All the γ-butyrolactone described to date can be classified in 

one of the following types, based on their structural differences; A-factor type 

from S. griseus containing a keto group at carbon 6 (Khokhlov, 1980, Mori, 

1983), IM-2 type from S. lavendulae, with a hydroxyl group at C6 with an R 

configuration (Sato et al., 1989, Mizuno et al., 1994), and VB type, or Virginiae 

Butanolides, from S. virginiae and S. antibioticus, with a hydroxyl group at C6 

with an S configuration (Yamada et al., 1987, Kondo et al., 1989) (Figure 3). 

Table 1 shows a list of γ-butyrolactone systems in several Streptomyces 
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species, indicating the type of γ-butyrolactone produced, the genes involved 

and the function of these systems in their hosts.  

 

 

Figure 3. The γ-butyrolactones of Streptomyces. The structures of the fifteen γ-
butyrolactones known to date to be produced by Streptomyces species are shown. The 
three structures shown on the top represent the three butyrolactone structural types: 
A-factor, IM-2 and VBs.  

Butyrolactone synthesis 

Synthesis of γ-butyrolactones is growth phase-dependent. These signalling 

molecules are synthesised in transition phase of growth in response to still 

unknown mechanisms, and exert their regulatory function during this phase of 

growth. The biosynthetic pathway of these molecules has been extensively 

studied in Streptomyces griseus, producer of the best known γ-butyrolactone 

A-factor that induces secondary metabolite production and sporulation in S. 

griseus (Figure 3). The A-factor biosynthetic pathway has been described in 

detail and some of the biosynthetic enzymes have been characterised (Kato et 
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al., 2007). AfsA is the key enzyme for A-factor synthesis, and was reported to 

catalyse the condensation of dihydroxyacetone phosphate (DHAP) with a fatty 

acid derivative to produce a fatty acid ester that is non-enzymatically 

converted to a butenolide phosphate by an intramolecular aldol condensation. 

This compound is reduced by the oxidoreductase BprA and then a phosphatase 

removes the phosphate group to give A-factor. Although this is the major 

enzymatic pathway in these bacteria, A-factor can also be synthesised through 

an alternative route, which corresponds to the main biosynthetic route 

described by Sakuda, 1993 for the biosynthesis of VBs in the high VB producer 

S. antibioticus (Sakuda et al., 1993, Kato et al., 2007). In this route, the fatty 

acid ester formed after the first condensation step, is first dephosphorylated 

and then reduced in several steps to yield A-factor. In S. antibioticus, as well as 

in S. virginiae, A-factor type compounds are further reduced by a specific 

ketoreductase. This ketoreductase has been characterised in S. virginiae 

(BarS1) and S. antibioticus (Shikura et al., 1999, Shikura et al., 1999, Shikura et 

al., 2002).  

Homologues of AfsA are found in several Streptomyces species (Table 1). Some 

of these AfsA homologues  have been experimentally proven to participate in 

the synthesis of γ-butyrolactones by deleting their corresponding genes from 

the chromosome and resulting in loss of γ-butyrolactone production: ScbA, in 

S. coelicolor, producer of SCBs (Streptomyces coelicolor butyrolactones) 

(Takano et al., 2001); BarX, in S. virginiae, producer of VBs (virginiae 

butanolides) (Lee et al., 2010); FarX, in S. lavendulae, producer of IM-2 (Kitani 

et al., 2010), JadW1 in S. venezuelae that produces SVB1, with identical 

structure to SCB3 from S. coelicolor (Figure 3) (Zou et al., 2014), ScgA in S. 

chattanoogensis (Du et al., 2011b) and SagA in S. aureofaciens (Mingyar et al., 

2015) producers of yet unidentified signalling molecules. Furthermore, all 

these mutant strains were affected in antibiotic production indicating the role 

of these homologues in the regulation of secondary metabolism in these 

bacteria. As AfsA, these homologues are thought to catalyse the first 

condensation step of a fatty acid derivative and a glycerol derivative in the 

biosynthesis of these signalling molecules.  
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 GBLs S R pseudoR Function source 

S. coelicolor 
SCB1, SCB2, 

SCB3 
ScbA ScbR ScbR2 

actinorhodin, 
undecylprodigiosin, 

coelimycin 

1 

S. griseus A-factor AfsA ArpA - 
streptomycin, grixazone, 

polyketide and sporulation 
2 

S. virginiae VB-A to VB-E BarX BarA BarB virginiamycin 3 

S. lavendulae IM-2 FarX FarA FarR2 
D-cycloserine, nucleoside 
antibiotics and indigoidine 

4 

S. venezuelae SVB1 = SCB3 JadW1 JadR3 JadR2 jadomycin B 5 

S. fradiae - - TylP TylQ tylosin 6 

S.chattanoogensis - ScgA ScgR - pimaricin and sporulation 7 

S. clavuligerus - - Brp - 
clavulanic acid and 

cephamycin 
8 

S.viridochromogenes 
S.cyaneofuscatus 

S.bikiniensis 

Gräfe´s 
Factors 

- - - 
anthracycline and 

sporulation in S. griseus 
9 

 

Table 1. γ-Butyrolactone systems in Streptomyces species. GBLs, γ-butyrolactones; S, 
butyrolactone synthase; R, butyrolactone receptor; pseudoR, pseudo butyrolactone 
receptor; -, unidentified. Function indicates which antibiotic synthesis pathway is 
regulated by the butyrolactone system and whether it affects sporulation. 

1- (Takano et al, 2000, Takano et al, 2001, Takano et al, 2005, Hsiao et al, 2007, Hsiao et al, 2009) 2- (Hara et al, 1982, Miyake 

et al, 1990, Ando et al, 1997, Kato et al, 2007, Akanuma et al, 2009) 3- (Yamada et al, 1987, Kondo et al, 1989, Kinoshita et al, 

1997, Kawachi et al, 2000, Lee et al, 2010) 4- (Sato et al, 1989, Ruengjitchatchawalya et al, 1995, Waki et al, 1997, Kitani et al, 

1999, Kitani et al, 2008, Kitani et al, 2010, Kurniawan et al, 2014) 5- (Yang et al, 1995, Yang et al, 2001, Wang et al, 2003, Zou et 

al, 2014) 6- (Stratigopoulos et al, 2002, Bignell et al, 2007) 7- (Du et al, 2011b) 8- (Santamarta et al, 2005) 9- (Gräfe et al, 1982) 
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Butyrolactone receptor proteins 

The γ-butyrolactone receptor proteins are TetR transcriptional repressors that 

bind to the DNA in specific target regions and generally function as 

autoregulators controlling their own gene expression (Cuthbertson et al., 

2013). Based on the crystal structure of CprB, the only crystal structure of a γ-

butyrolactone receptor protein that has been solved so far (Natsume et al., 

2004, Bhukya et al., 2014), it is known that these proteins suffer a change in 

conformation upon binding of their ligands (the signalling molecules). This 

change in conformation prevents these proteins from binding to the DNA in 

their specific target regions. The binding of the signalling molecules thus 

results in activation of expression of the target genes that these receptors 

were repressing. The ArpA A-factor receptor protein in S. griseus has been 

extensively studied (Miyake et al., 1990, Onaka et al., 1997, Onaka et al., 1997, 

Ohnishi et al., 1999, Kato et al., 2004). Homologues of ArpA were found in 

numerous Streptomyces species (for a list of homologues see Takano et al. 

(2005)); ScbR in S. coelicolor (Takano et al., 2001), BarA in S. virginiae 

(Kinoshita et al., 1997), FarA in S. lavendulae (Waki et al., 1997), are just 

examples and some of the best characterised (Table 1). ArpA is an exception 

within the γ-butyrolactone receptors since it is not an autoregulator.  

Regulation of antibiotic production 

Antibiotic biosynthetic gene clusters are often regulated by several regulatory 

proteins that hierarchically constitute a cascade of regulation that ends in 

antibiotic production. Some of these regulatory proteins are normally γ-

butyrolactone receptor homologues that work as signal transduction systems. 

Interestingly, only one of these receptor homologues is a real γ-butyrolactone 

receptor that is able to bind the signalling molecules while the other is 

generally a pseudo-γ-butyrolactone receptor that is not able to bind γ-

butyrolactones but can bind antibiotics instead (Xu et al., 2010b) (Table 1). For 

example in S. fradiae five proteins regulate the biosynthetic gene cluster for 

the production of the antibiotic tylosin. TylP and TylQ are two γ-butyrolactone 

receptor homologues but only TylP is thought to be the actual receptor of a yet 

unidentified γ-butyrolactone (Bignell et al., 2007). TylP forms a regulatory 

cascade together with the other 4 regulators, TylQ (also a repressor), TylR, TylS 

and TylU (transcriptional activators). TylR is a global activator of the tylosin 

gene cluster (Cundliffe, 2008). In S. venezuelae four proteins regulate the 
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biosynthetic gene cluster of the antibiotic jadomycin B. Two of them, JadR2 

and JadR3, have homology to γ-butyrolactone receptors. JadR3 was reported 

to be the actual γ-butyrolactone receptor in this species which binds the γ-

butyrolactone SVB1 (Figure 3). JadR3 represses itself and JadR2, a pseudo-γ-

butyrolactone receptor, as well as JadW1, the SVB1 synthetase, and activates 

JadR1, an atypical response regulator that is an activator of the jadomycin 

biosynthetic gene cluster (Yang et al., 2001, Zou et al., 2014). An additional 

regulator JadR* located within the biosynthetic gene cluster for the production 

of jadomycin represses JadR1 transcription as well as transcription of other key 

genes in the biosynthetic gene cluster (Zhang et al., 2013). In S. coelicolor, four 

regulators control the expression of the CPK biosynthetic gene cluster for the 

production of the antibiotic coelimycin (Pawlik et al., 2007); ScbR, its 

homologue ScbR2 (sharing 32% of amino acid identity with ScbR) and the SARP 

regulators CpkO and CpkN. ScbR, the γ-butyrolactone receptor, regulates 

expression of the SARP protein CpkO, activator of the CPK gene cluster (Takano 

et al., 2005). ScbR2, encoded within the CPK gene cluster, and described as a 

pseudo butyrolactone receptor due to its inability to bind γ-butyrolactones (Xu 

et al., 2010b), represses expression of CpkO and is able to bind the antibiotics 

actinorhodin and undecylprodigiosin providing an additional signalling 

mechanism to control the tight expression of antibiotic production (Xu et al., 

2010b, Wang et al., 2011).  

In S. griseus the regulatory cascade that leads to antibiotic production is led by 

ArpA through the transcriptional activator AdpA. ArpA, the A-factor receptor is 

a repressor of AdpA which works as a global transcriptional activator that binds 

to the promoter region of several genes encoding for proteins involved in 

secondary metabolism and sporulation, such as strR, activator of the 

streptomycin gene cluster (Horinouchi et al., 2007). A similar scenario occurs in 

S. clavuligerus. The butyrolactone receptor Brp is able to bind to the promoter 

of AdpA repressing its transcription (Lopez-Garcia et al., 2010). AdpA activates 

transcription of ccaR, encoding an activator of genes in the cephamycin C-

clavulanic acid biosynthesis cluster (Santamarta et al., 2002). In S. coelicolor, 

AdpA directly controls the transcription of redD and actII-ORF4 pathway 

specific regulators of the Act and Red biosynthetic clusters (Park et al., 2009). 

AdpA is not directly regulated by ScbR (Takano et al., 2003), as in the case of its 

corresponding homologues in S. griseus and S. clavuligerus, but indirectly, 

since ScbR2, the pseudo-γ-butyrolactone receptor encoded within the CPK 
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cluster, whose expression is directly regulated by ScbR, was reported to bind to 

its promoter region repressing its expression (Wang et al., 2014b). In other 

Streptomyces species the γ-butyrolactone receptor directly controls the 

expression of activators of gene clusters for the biosynthesis of their target 

antibiotics instead of via an AdpA-like global activator. This is the case for S. 

fradiae (TylP controls the expression of TylR, activator of the tylosin 

biosynthetic cluster) (Bignell et al., 2007), S. virginiae (BarA controls the 

expression of BarB which in turn controls the expression of VmsR, activator of 

the virginiamycin biosynthetic gene cluster) (Matsuno et al., 2004) and S. 

venezuelae, (JadR1, directly controlled by JadR3, activates the jadomycin 

biosynthetic gene cluster) (Zou et al., 2014). Also in S. coelicolor, where AdpA 

appears to act as an intermediate between the SCB system and the production 

of Act and Red, ScbR is also able to directly control the expression of the CPK 

cluster for the production of the antibiotic coelimycin by activating expression 

of cpkO (Takano et al., 2005). Although the regulatory cascade leading to 

antibiotic production has not been described in other Streptomyces species, 

AdpA-like proteins have been found in some of them. In S. chattanoogensis, 

AdpA indirectly regulates the production of the antibiotic pimaricin (Du et al., 

2011a). In S. ansochromogenes, this protein regulates production of 

nikkomycin by controlling expression of sanG, encoding for an activator of the 

nikkomycin gene cluster (Pan et al., 2009). AdpA in S. ghanaensis binds to the 

promoter region of key genes for moenomycin biosynthesis thus controlling 

the production of this antibiotic (Makitrynskyy et al., 2013). In S. lividans, as 

well as in S. griseus, members of the AdpA regulon have been identified by 

genome and proteome-scale strategies (Akanuma et al., 2009, Hara et al., 

2009, Guyet et al., 2014). The function of AdpA in regulating antibiotic 

production in these organisms is clear and it seems likely that the AdpA 

regulatory cascade is directly or indirectly dependent on butyrolactone 

signalling systems.  
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III. Streptomyces coelicolor butyrolactone system  

Streptomyces coelicolor A3(2) is the model organism of the genus 

Streptomyces and the one studied in most detail genetically. It is known to 

produce at least 5 different antibiotics; the blue pigmented polyketide 

antibiotic actinorhodin (Act) (Wright et al., 1976b), the red pigmented 

tripyrrole non-diffusible antibiotic undecylprodigiosin (Red) (Rudd et al., 1980), 

the Calcium Dependent Antibiotic or CDA (Hopwood et al., 1983), the plasmid 

encoded cyclopentanoid antibiotic methylenomycin (Wright et al., 1976a), and 

the recently discovered CPK polyketide antibiotic coelimycin A and yellow 

pigment coelimycin P1, which is the actual end product of the CPK biosynthetic 

pathway (Gomez-Escribano et al., 2012, Challis, 2014). The genome sequence 

of S. coelicolor M145 (a wild type strain lacking both the SCP1 and SCP2 

plasmids), published in 2002, revealed the presence of many more putative 

secondary metabolite biosynthetic gene clusters which indicates that this 

species has the potential to produce additional bioactive compounds (Bentley 

et al., 2002). 

The γ-butyrolactones play an important role in regulation of antibiotic 

production in S. coelicolor. The γ-butyrolactones in S. coelicolor (SCBs) directly 

regulate the production of coelimycin (Takano et al., 2005, Takano, 2006) and 

indirectly affect the production of actinorhodin (Act) and undecylprodigiosin 

(Red) (Takano et al., 2000, Takano et al., 2001). Three SCBs (Streptomyces 

coelicolor Butyrolactones) have been characterised so far (SCB1, SCB2 and 

SCB3) and more are expected to be produced by this species (Takano et al., 

2000, Hsiao et al., 2009). Their structures have been elucidated (Takano et al., 

2000, Hsiao et al., 2009) and they all share an IM-2 configuration and differ in 

the length and branching of the side chain (Figure 3).   

The key proteins involved in this SCB system have been identified. ScbA is the 

key enzyme involved in the biosynthesis of SCBs (Hsiao et al., 2007). ScbR is the 

SCB receptor protein that directly controls the expression of the CPK gene 

cluster for the production of the antibiotic coelimycin (Takano et al., 2005). In 

this section, the role of these proteins in the SCB system (SCB synthesis, 

receptor recognition, role in antibiotic production and regulation) will be 

described, as well as new evidence that contributes to a better understanding 

of such a complex signalling mechanism.  
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Synthesis 

While the A-factor and the VB biosynthetic pathway have been described in 

detail in S. griseus and S. virginiae, little is known about the SCB biosynthetic 

pathway in S. coelicolor. In this PhD thesis we have identified new S. coelicolor 

enzymes involved in SCB biosynthesis and present new data that provides 

novel insights into the SCBs biosynthetic pathway.   

ScbA is the key enzyme for biosynthesis of the SCBs (Hsiao et al., 2007). Other 

genes in the vicinity of scbA encode proteins that are also involved in the 

biosynthetic pathway (Chapter 3); ScbB, a protein homologous to BarS1 in S. 

virginiae, as well as ScbC, a homologue of BprA from S. griseus.  ScbB and ScbC, 

as well as ScbA, are required for SCB biosynthesis in S. coelicolor (Figure 4). The 

presence of these proteins in S. coelicolor, as well as the presence of the SCB 

precursors 6-dehydro-SCBs in extracts of the wild type strain S. coelicolor 

M145 detected by LC/MS analysis in this work (Chapter 3) suggests that one or 

both of the pathways described in S. griseus and S. virginiae are also occurring 

in S. coelicolor.  

ScbA, the SCBs key biosynthetic enzyme 

ScbA is a homologue of AfsA and the key enzyme in the biosynthesis of SCBs 

compounds (Hsiao et al., 2007). ScbA shares 66% amino acid identity with AfsA 

and thus is thought to catalyse the first condensation step in the biosynthesis 

of SCBs (Hsiao et al., 2007) (Figure 4B). This enzyme is required for SCB 

biosynthesis since deletion of its gene from the chromosome of S. coelicolor 

(mutant strain M751) resulted in inability to produce SCBs, overproduction of 

Act and Red and abolishment of production of the antibiotic coelimycin 

(Takano et al., 2001, Gottelt et al., 2010).  

ScbA contains two AfsA repeats that are thought to contain the active sites of 

the protein, based on their significant homology to the region around the 

active sites of the fatty acid synthases FabA and FabZ (Hsiao et al., 2007). 

Conserved residues E78, E240 and R243, in the putative active site of ScbA, 

were confirmed to be essential for the activity of the enzyme in SCBs 

production. The corresponding residues for E78 and E240 in the active sites of 

FabA and FabZ (a glutamate and an aspartate) are also conserved and were 

reported to be catalytic residues in these enzymes (Leesong et al., 1996, 

Kimber et al., 2004, Kostrewa et al., 2005). Point mutations were introduced in 
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the scbA gene in its original locus in the chromosome of the wild type strain S. 

coelicolor M145 to mutate conserved residues E78, E240, R243 (Hsiao, 2009) 

as well as R81 (Chapter 4) in the putative active site of ScbA. This resulted in 

inability of these mutant strains to produce SCBs and differences in antibiotic 

production compared to the wild type strain (Hsiao, 2009) which indicates that 

these residues in the active site are essential for the activity of ScbA. An 

additional highly conserved residue, R174, located in the putative loop region 

connecting the AfsA repeats, was also mutated resulting in abolishment of SCB 

production and also affected antibiotic production of the mutant strain 

confirming that R174 is also essential for ScbA activity (Chapter 4). These 

results indicate that irregular structural protein motifs such as loops are of 

great importance for the activity of ScbA in SCB synthesis.  

ScbB and ScbC, essential reductases for SCB biosynthesis 

Besides ScbA, two other proteins are also necessary for the synthesis of SCBs in 

S. coelicolor. ScbB and ScbC are encoded adjacent to the scbA and scbR genes, 

together constituting a gene cluster (Figure 4A and Table 1). scbB (sco6264) 

encodes a short chain alcohol dehydrogenase and scbC (sco6267) encodes a 

dehydrogenase. Deletion of these genes from the chromosome of S. coelicolor 

M145 resulted in abolishment of SCB production which shows that they are 

essential for SCB biosynthesis (Chapter 3).  

ScbB shares 32% amino acid identity with BarS1 from S. virginiae which was 

reported to catalyse the reduction of 6-dehydro-VBs into the VBs in the last 

reduction step in the butyrolactone biosynthetic pathway (Shikura et al., 

2002). In S. coelicolor, ScbB was able to catalyse in vitro the corresponding 

reduction using chemically synthesised 6-dehydro-SCBs as substrates to yield 

SCBs (Chapter 3), suggesting that this enzyme is the one responsible for the 

last reduction step in the SCB biosynthetic pathway (Figure 4B). Homologues of 

ScbB and BarS1 have been found in several other Streptomyces strains: ScgX in 

S. chattanoogensis, and JadW3 in S. venezuelae. These proteins are thought to 

carry out the same reactions reported for their homologues in S. coelicolor and 

S. virginiae. 
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Figure 4. A) Gene organisation of the SCB gene cluster in Streptomyces coelicolor. The 
genes encoding the enzymes required for SCB biosynthesis (ScbA, ScbB and ScbC) are 
organised in a cluster, together with scbR, encoding the SCB receptor protein. The scbA 
and scbC genes are transcribed in an operon. B) Proposed biosynthetic route for SCBs. 
The predicted route is based on the biosynthetic pathways described for A-factor in S. 
griseus (Kato et al., 2007) and for VBs in S. virginiae (Sakuda et al., 1993). Only the 
proposed route for SCB1 is shown, as an example. 

ScbC shares 76% amino acid identity with BprA reductase from S. griseus (Kato 

et al., 2007). Thus, it is likely to carry out the reduction of the butenolide 

phosphate intermediate of the pathway to yield the intermediate compound 

that will be subsequently dephosphorylated to yield A-factor (Figure 4B). A 

deletion mutant of scbC, however, showed no accumulation of the butenolide 

phosphate as assessed by LC/MS analysis of ethyl acetate extracts of this 

mutant strain. In fact, none of the predicted intermediates of the pathway, 

based on the pathways described in S. griseus and S. virginiae (Sakuda et al., 

1993, Kato et al., 2007), were detected in these extracts or in extracts of the 

scbB gene deletion mutant (Chapter 3). Accumulation of intermediates may be 

detrimental for the activity of the different enzymes in the pathway and 
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therefore these intermediates may be redirected to other pathways. It is also 

possible that a different sequence of enzymatic steps is occurring in S. 

coelicolor and therefore other intermediates are being accumulated. Further 

experimentation will be needed to identify the intermediates of the SCB 

biosynthetic pathway in S. coelicolor.  

The scbA and scbC genes are transcribed together in an operon (Chapter 3) 

(Figure 4A). This agrees well with the similar antibiotic phenotype observed for 

the deletion mutant strains of these two genes (Chapter 3). This co-

transcription of scbA and scbC is presumably ensuring that both enzymes are 

produced in similar amounts to maintain the correct flux through the pathway 

and allowing for an efficient biosynthesis of SCBs.  

Role of ScbR in antibiotic production  

The gene coding for ScbA lies adjacent and divergently oriented from scbR 

(Figure 4A). ScbR is the SCB receptor protein and the central element of the 

SCB system. It is an autorepressor: it binds to its own promoter region in the 

so-called site R, repressing expression of its own gene (Takano et al., 2001). 

SCBs prevent binding of ScbR to the DNA, by changing its conformation and 

thus relieving this repression, allowing transcription of the scbR gene.  

In addition to repressing the transcription of its own gene, ScbR also controls 

the expression of the CPK gene cluster for the biosynthesis of the coelimycin 

antibiotic and yellow pigment coelimycin P1 (Figure 5) (Takano et al., 2005, 

Gomez-Escribano et al., 2012). It represses the transcription of cpkO coding for 

a SARP (Streptomyces Antibiotic Regulatory Protein) activator of the cluster by 

binding to site OA in the promoter region of this gene. SCBs activate the 

expression of this gene and consequently expression of the cluster by 

preventing ScbR binding to site OA, relieving the repression (Figure 5). ScbR 

has also been reported to bind to an additional site in the promoter of cpkO, 

called site OB although the role of ScbR through binding to this site is not yet 

known (Takano et al., 2005). An additional binding site for ScbR was found in 

silico in the promoter of the gene sco6268  (orfB), encoding a putative histidine 

kinase. Binding of ScbR to this site has been experimentally proven (Bunet, 

2006) but neither the function of this binding activity nor the function of this 

protein is known.  
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ScbR2 is a homologue of ScbR sharing 32% identity. Interestingly, the gene 

encoding this protein is located within the CPK gene cluster, which is directly 

controlled by ScbR (Takano et al., 2005). ScbR2 is a repressor of the CPK cluster 

and its absence provokes an overproduction of coelimycin (Gottelt et al., 

2010). Given its inability to bind γ-butyrolactones, ScbR2 has been described as 

a pseudo-γ-butyrolactone receptor (Xu et al., 2010b). In addition, ScbR2 binds 

to the promoter region of scbA blocking its transcription presumably in the last 

stages of growth. ScbR2 also binds to the promoter of cpkO repressing its 

transcription, and exerting another level of regulation in the expression of this 

gene cluster (Wang et al., 2011) (Figure 5).  

 

 

Figure 5. Scheme showing the role of ScbR in antibiotic production in S. coelicolor. 
Arrows indicate activation, arrows with a line at the end indicate repression. Dashed 
lines indicate possible functions. ScbR controls the production of coelimycin directly 
and the production of Act and Red indirectly. 

Besides ScbR and ScbR2, another three γ-butyrolactone receptor proteins exist 

in S. coelicolor: CprA, CprB (both sharing 32% of amino acid identity with ScbR), 

and SCO6323 (sharing 29% amino acid identity). CprA and CprB regulate 

production of the antibiotics actinorhodin and undecylprodigiosin (Onaka et 

al., 1998, Takano, 2006). CprB is an autoregulator that binds to its own 
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promoter region. It also binds to the promoter region of cprA and it is likely 

controlling the expression of this gene. CprB was also shown to bind to the 

promoter region of scbR and cpkO which suggests that this regulator is also 

controlling the SCB system and the expression of the coelimycin gene cluster 

(Bhukya et al., 2014). However, CprA and CprB do not respond to the signalling 

molecules since they are not able to bind γ-butyrolactones (Sugiyama et al., 

1998, Bhukya et al., 2014). Their precise function in the SCB system and in 

regulation of antibiotic production remains to be elucidated. The function of 

SCO6323 and whether this regulator can bind butyrolactones is still unknown. 

While ScbR directly regulates the expression of the CPK antibiotic biosynthetic 

gene cluster by repressing cpkO, the SCB system is also involved in the indirect 

regulation of Act and Red synthesis in S. coelicolor (Figure 5): overproduction 

of Act and Red was observed in a scbA deletion mutant while a scbR deletion 

mutant showed a delay in Red production. Yet, ScbR does not bind to the 

promoter regions of the pathway specific regulators for Act and Red 

production (Takano et al., 2001). Interestingly, in a recent report, ScbR2 was 

found to be able to bind to the promoter region of redD, as well as to the 

promoter region of adpA (Wang et al., 2014b). AdpA is a global regulator for 

antibiotic biosynthesis and morphological development in S. griseus (Ohnishi et 

al., 2005, Akanuma et al., 2009). In S. coelicolor, AdpA has been reported to 

bind to the promoter region of redD, as well as to the promoter region of actII-

ORF4 (Park et al., 2009). Furthermore, an adpA deletion mutant showed 

overexpression of Red and abolishment of Act production (Takano et al., 

2003), which suggests a role in activating actII-ORF4 expression while 

repressing transcription of redD. ScbR is not able to bind to the promoter of 

AdpA in S. coelicolor (Takano et al., 2003). It is thus possible that ScbR is 

exerting its regulatory role through ScbR2, and that AdpA is the missing link by 

which the SCB system regulates the production of Act and Red (Figure 5).   

S. coelicolor A3(2) M145 and M600 are two wild type strains that show 

different antibiotic production profiles. They both lack the plasmids SCP1 and 

SCP2 and 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 and Red synthesis compared to M145 (Gottelt et al., 2012). Interestingly, 

another form of ScbR exists in M600, with a single amino acid substitution. 
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However, this alternative form of ScbR was not responsible for the differences 

in antibiotic phenotype between these two strains (Gottelt et al., 2012). 

Quantitative Reverse Transcription-PCR (qRT-PCR) analyses performed on RNA 

from both strains in different stages of growth, revealed that the expression 

profiles of scbR in both strains were different: levels of scbR transcript were 

detected only in basal levels in the M600 strain while they were induced in 

transition phase of growth in M145. The differential expression of scbR in both 

strains is likely to be responsible for the different phenotypes observed 

(Chapter 5).  

Regulation of the SCB system  

The SCB system is regulated by a complex mechanism. An intricate network of 

interconnected factors is involved constituting different levels of regulation. 

Growth phase determinants, transcriptional regulators and overlapping 

promoters seem to participate in the regulation providing several layers of 

regulatory complexity. The whole regulatory circuit of this system is still not 

fully understood. In this work, we have gained novel insights and uncovered 

additional factors that are necessary to ensure the strict regulation of this 

signalling system.  

The SCB system is tightly regulated at the transcriptional level (Takano et al. 

(2001) and Chapter 2). ScbR, the SCB receptor protein, is an autoregulator that 

represses transcription of its own scbR gene by binding to a site in the DNA 

upstream of its promoter region. The repression of ScbR over its own promoter 

is prevented by the SCBs. An additional ScbR binding site (site A) was found in 

the promoter region of scbA by gel retardation assays (Takano et al., 2001). 

ScbR has a growth phase-dependent dual role in controlling scbA transcription 

via this site A (Figure 6): it represses scbA transcription in early stages of 

growth and induces its expression in transition phase probably aided by 

another protein (Chapter 2). The exact mechanism by which scbA expression is 

induced is still unknown. ScbA also seems to be involved in regulating its own 

expression, since a scbA deletion mutant showed a remarkable reduction in 

transcription of this gene, assessed by targeting the untranslated region (UTR) 

of scbA, still present in the deletion mutant (Takano et al., 2001).  Both ScbR 

and ScbA seem to be involved in the activation of scbA transcription, and 

therefore a ScbA-ScbR interaction is likely to be responsible (Takano et al., 

2001). Furthermore, several other proteins bind to the promoter region of 
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scbA/scbR that could also have a role in activating scbA expression. NdgR, a 

regulator of nitrogen source-dependent growth (Yang et al., 2009), and DasR, 

involved in the metabolism of N-acetyl glucosamine (Rigali et al., 2008, van 

Wezel et al., 2011), were reported to bind to this scbA/scbR promoter region 

(Figure 6). This indicates a connection between nitrogen and carbon 

metabolism and the SCB system and therefore a link between primary and 

secondary metabolism. Induction of scbA expression coincides in time with the 

transition from primary to secondary metabolism (Nieselt et al., 2010). It thus 

appears likely that these proteins are involved in activating the expression of 

scbA.  

Regulation of the SCB system is a complex growth phase-dependent 

mechanism. In exponential phase of growth, basal levels of ScbR exist which 

are sufficient to bind to the DNA in site R, blocking its own transcription. 

Expression of scbA is activated in transition phase of growth, and γ-

butyrolactones are synthesized. These signalling molecules bind to their 

receptor protein ScbR which provokes conformational changes on this protein 

that prevent its DNA binding ability and resulting in transcription of scbR. In 

the same way, ScbR blocks transcription of cpkO in exponential phase of 

growth in the absence of γ-butyrolactones. In transition phase, expression of 

cpkO is allowed due to the presence of γ-butyrolactones, which leads to the 

expression of the CPK cluster (Figure 6).  

The SCB system is controlled by a complex regulatory circuit where ScbA and 

ScbR mutually regulate their gene transcription (Takano et al. (2001) and 

Chapter 2 of this thesis). Besides this mutual expression regulation between 

ScbA and ScbR, additional factors are involved in maintaining the tight control 

of this system. The scbA and scbR genes lie adjacent and divergently oriented 

in the chromosome (Figure 6). It is noteworthy that their transcripts overlap by 

53 bp and these overlapping transcripts constitute an antisense RNA (asRNA) 

(Moody et al., 2013). This asRNA also seems to constitute another factor aiding 

in the regulation of expression of these genes in a still unknown way. In fact, 

this asRNA has been reported to affect the bistability of the SCB system genetic 

switch in a mathematical model developed by Chatterjee et al. (Chatterjee et 

al., 2011). Their model suggests that this asRNA is essential to maintain the 

bistability of the system. It is possible that this scbA/scbR cis-antisense RNA is 

regulating the amount of scbA and scbR transcripts produced. Antisense RNAs 
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(asRNAs) have several regulatory functions in transcription and in some cases 

can affect protein translation (reviewed in Storz et al. (2004), Thomason et al. 

(2010), Lybecker et al. (2014)).  

Additional proteins have been reported to bind to the scbA/scbR promoter 

region that may be also affecting the transcription of scbA and scbR (Figure 6). 

(1) CprB is a homologue of ScbR that regulates production of Act and Red 

production. It binds to the promoter region of scbR which suggests a role in 

regulating the SCB system (Bhukya et al., 2014). It also binds to its own 

promoter region, thus likely regulating its own expression. This protein is 

however not able to bind γ-butyrolactones (Sugiyama et al., 1998, Bhukya et 

al., 2014).  (2) ScbR2 is a pseudo-γ-butyrolactone receptor and transcriptional 

repressor of the CPK gene cluster that also binds to a DNA region overlapping 

with site A in the promoter region of scbA repressing scbA expression (Wang et 

al., 2011). ScbR2 transcription starts in late exponential phase and therefore 

this protein is thought to have a role in shutting down the expression of scbA 

in stationary phase of growth, once the SCBs have carried out their signalling 

function (Gottelt et al., 2010, Xu et al., 2010b). (3) SlbR binds to a DNA region 

in the vicinity of site R and is thought to activate expression of scbR since scbR 

transcript levels were slightly reduced in a deletion mutant of slbR. This protein 

represses antibiotic production and sporulation and is also able to interact 

with SCB1 (Yang et al., 2008, Yang et al., 2012). (4) The SCO3201 protein binds 

to a DNA site overlapping site A and it enhances scbA expression when 

overexpressed, although deletion of the sco3201 gene from the chromosome 

did not yield any phenotypical differences compared to the wild type, which 

indicates that this protein is not essential for activation of scbA expression and 

instead seems to work as a mimic of ScbR (Xu et al., 2010a). 
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Figure 6. Schematic model of the regulatory mechanism of the SCB system. Red arrows with a 
line at the end indicate repression. Green arrows indicate activation; dashed green arrows 
indicate possible activation, but not experimentally confirmed. Black lines with a dot indicate 
unknown effect. Different regulatory levels are governing the functioning of the SCB system; i) 
Endogenous factors, ScbA, ScbR and the SCBs. ScbR represses the expression of itself binding to 
site R, of scbA binding to site A and expression of  cpkO. ScbR and ScbA are both possibly 
activating the expression of scbA. ScbA synthesises SCBs that prevent ScbR repression at its 
DNA targets.  Activation of the expression of the CPK cluster provides sufficient ScbR2 to 
repress scbA transcription presumably shutting down the action of the SCB system in stationary 
phase of growth. ii) Other transcription factors. Proteins NdgR and DasR bind to the scbA/R 
promoter region connecting primary metabolism with the SCB system. CprB binds to the 
promoter region of scbR, as well as to the promoter region of cpkO. SlbR is thought to activate 
scbR transcription. SCO3201, when overexpressed, activates scbA expression. iii) An antisense 
RNA (asRNA), depicted as wavy lines in the overlapping transcripts of scbA and scbR, is thought 
to modulate the expression of these genes. iv) A second transcription start site (TSS2) for scbR 
(TSSs are depicted as bent arrows). Transcription from TSS2 yields a longer transcript which 
results in a longer overlapping region between scbA and scbR transcripts.  
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An additional transcription start site for scbR (TSS2) has been identified that 

maps at 207 bp from the ScbR start codon and at 83 bp upstream from the 

previously identified TSS (TSS1) (Takano et al., 2001) (Figure 6). Different 

expression profiles for scbR were detected from TSS2 in the wild type strains 

M145 and M600. Similar to the scbR expression profile form TSS1, the scbR 

transcript in M600 is produced at a basal level while in M145 scbR 

transcription is induced in transition phase (Chapter 5). The different 

phenotypes of these two wild type strains thus may be caused at least partly 

by the different expression of scbR from both TSSs. An additional regulatory 

factor that is present in the M145 wild type strain but absent in M600 is likely 

to be responsible for these differences in scbR expression. Furthermore, 

transcription from TSS2 yields a longer transcript for scbR and thus a longer 

overlapping region between scbA and scbR transcripts. It was reported that the 

longer an asRNA is, the more effective is its regulatory effect (Tatout et al., 

1998, Rasmussen et al., 2007). The scbA/scbR asRNA is longer when scbR is 

expressed from TSS2 and thus, this asRNA is presumably more effective in 

regulating the transcription of these genes. This TSS2 constitutes another 

regulatory factor for the SCB system that may provide a more efficient 

regulation for the expression of these genes and adds to its complexity. 

Transcriptional regulation is a complicated mechanism and in most cases 

several levels of regulation are taking place to achieve a tight and efficient 

control of the gene expression. The SCB system of S. coelicolor is a good 

example of this since it involves different regulatory mechanisms and levels of 

regulation to establish the necessary strict control of its members and thus 

ensure the right timing for antibiotic production.  
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IV. Scope of this thesis 

Streptomyces species are a remarkable rich source of antibiotics. Signalling 

molecules such as γ-butyrolactones are an important factor for regulation of 

antibiotic production in these bacteria. Understanding how these signalling 

systems work and are regulated is essential for the subsequent rational 

engineering to enhance the production of commercially interesting antibiotics, 

and for the discovery of new antimicrobial compounds. Previous research on 

the Streptomyces coelicolor γ-butyrolactone (SCB) signalling system controlling 

antibiotic production in this bacterium showed the large complexity of this 

system and its relevance for antibiotic production. The great potential of this 

system for the engineering of antibiotic biosynthetic pathways and awakening 

of cryptic antibiotic gene clusters shows the need to further unravel its 

complex regulatory circuits and to explore in more depth its functional 

mechanism. The work described in this thesis constitutes an important 

contribution to this purpose. A comprehensive study of this system and the 

proteins involved is presented that provides new insights into the biosynthesis 

of the signalling molecules, its regulation, as well as into their regulatory 

effects and aids in a better understanding of this complex communication 

system and its involvement in antibiotic production.  

In Chapter 2, we report the growth phase-dependent dual role of the SCB 

receptor protein ScbR in controlling the expression of scbA, encoding the key 

enzyme for SCBs synthesis: ScbR represses scbA transcription in exponential 

phase of growth, and is also required to induce transcription of scbA in 

transition phase. This tight regulation ensures the correct timing of production 

and functioning of the signalling molecules. Furthermore, we have shown that 

a scbR deletion mutant is able to produce SCBs, which indicates that ScbR is 

not essential for SCB production. Instead ScbR appears to modulate the SCB 

amount that is produced. Our data provides new information that allows a 

better understanding of the complexity of the SCB system.  

Chapter 3 describes the identification and characterization of two new 

enzymes, ScbB and ScbC. Both reductases were found to be essential for the 

biosynthesis of SCBs in S. coelicolor. We have shown that ScbB is a 

ketoreductase that catalyses the reduction of the keto-group in chemically 

synthesized 6-dehydro SCBs to yield SCBs, which is thought to be the last step 
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in the biosynthetic pathway. In addition, gene expression analyses showed that 

scbC is in an operon with scbA and that ScbA as well as ScbR, the SCB receptor 

protein, are involved in regulation of scbC transcription. Deletion of the scbB 

and scbC genes from the chromosome of S. coelicolor resulted in abolishment 

of coelimycin production and in early production of actinorhodin and 

undecylprodigiosin compared to the wild type which shows the involvement of 

these enzymes and of this signalling system in regulating antibiotic production. 

Our data provides important insights into the biosynthesis of SCBs in S. 

coelicolor.  

In Chapter 4 we describe the identification of key conserved residues, R81 and 

R174 that are essential for the activity of ScbA, the key γ-butyrolactone 

biosynthetic enzyme. Residue R81 is located in the N-terminal AfsA repeat, in 

the putative active site and may determine the difference in enzyme reaction 

specificity between fatty acid synthases and AfsA homologues. Residue R174 is 

located in a region connecting both AfsA repeats in ScbA. Mutations R81K and 

R174H were introduced in scbA in its original locus in the chromosome and 

resulted in loss of SCB production; these amino acids thus are essential 

residues in ScbA protein functionality. The presence of an essential residue in a 

putative loop shows the importance of such an irregular structural motif in the 

activity of the protein. Our work provides novel insights into the complex 

structure-function relationship of ScbA and related AfsA proteins.  

Chapter 5 describes the identification of an additional transcription start site 

(TSS2) for scbR, encoding the γ-butyrolactone receptor. We show that 

transcription is taking place from this additional site and have mapped its 

5´end at 83 bp from the previously identified TSS1, yielding a longer scbR 

transcript. Transcription was induced in the wild type strain M145 in transition 

phase of growth but only basal levels were detected in strain M600 (that is 

delayed in antibiotic production compared to M145) along growth from both 

the original transcription start site (TSS1) and TSS2. Our data suggests that 

TSS2 plays a role in regulation of scbR transcription and thereby in regulation 

of antibiotic production in S. coelicolor. The presence of this secondary start 

site for scbR constitutes an additional regulatory factor demonstrating the 

complexity of regulation of this system. Our data provides new information 

allowing a better understanding of regulation of antibiotic synthesis in these 

bacteria.  
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 Abstract 

The γ-butyrolactone signalling molecules regulate antibiotic production in 

Streptomyces coelicolor. These diffusible signalling molecules are called SCBs 

(S. coelicolor butyrolactones) and are synthesised by ScbA. The SCB receptor 

protein ScbR is an autorepressor that binds to the promoter region of its own 

gene (site R) repressing its transcription. ScbR directly controls the expression 

of the CPK biosynthetic gene cluster by repressing expression of cpkO, 

encoding an activator of the cluster. Another binding site for ScbR exists in the 

promoter region of scbA (site A). In this work, site A was mutated (mutant 

LW145) resulting in a loss of ScbR binding. Mutant LW145 showed early scbA 

transcription resulting in early production of SCBs, detectable already in the 

exponential phase of growth, and strong ScbR expression from exponential 

phase onwards. Furthermore, mutant LW145 was affected in Act and Red 

production and showed a delay in production of the yellow pigment coelimycin 

P2, an amino acid adduct of an intermediate of the pathway for the synthesis 

of the antibiotic coelimycin A. Our data show that ScbR has a growth phase–

dependent role in repressing expression of scbA and is also involved in 

controlling the induction of scbA transcription, probably aided by another 

protein.  
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Introduction 

Streptomyces is a genus of Gram-positive soil-dwelling bacteria, with great 

relevance in medicine and biotechnology. Not only are these bacteria one of 

the main sources of natural antibiotics used in medicine nowadays, but they 

also have the genetic potential to provide additional novel antibiotics, judged 

from the richness in putative secondary metabolites cryptic gene clusters 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). In Streptomyces, signalling molecules are involved in regulation of 

antibiotic production and morphological differentiation (van Wezel et al., 

2011, Willey et al., 2011). These low molecular weight diffusible molecules 

called γ-butyrolactones act in nano-molar concentrations by binding to their 

receptor proteins that are usually transcriptional repressors. 

 Streptomyces coelicolor A3(2), the model organism of the genus, is known to 

produce at least 5 different antibiotics; the plasmid encoded methylenomycin 

(Wright et al., 1976a), the blue polyketide antibiotic actinorhodin (Wright et 

al., 1976b), the non-diffusible red pigmented undecylprodigiosin (Rudd et al., 

1980), the Calcium Dependent Antibiotic (CDA) (Hopwood et al., 1983), and 

the recently discovered antibiotic coelimycin A (Gottelt et al., 2010, Gomez-

Escribano et al., 2012, Challis, 2014). The γ-butyrolactones in S. coelicolor 

(SCBs, S. coelicolor butyrolactones) directly regulate the production of the 

antibiotic coelimycin A and the yellow pigments coelimycin P1 and P2 (Takano 

et al., 2005, Takano, 2006, Gomez-Escribano et al., 2012) and indirectly affect 

the production of actinorhodin (Act) and undecylprodigiosin (Red) (Takano et 

al., 2000, Takano et al., 2001). Three SCBs have been identified so far in this 

bacterium; SCB1 (the most abundant), SCB2 and SCB3. Their chemical 

structures have been elucidated (Takano et al., 2000, Hsiao et al., 2009b).  

The S. coelicolor Butanolide (SCB) system has been studied in considerable 

detail. ScbA is the γ-butyrolactone synthetase (Hsiao et al., 2007). ScbR is the 

protein responsible for the reception of SCBs (Takano et al., 2001). Regulation 

of this system is achieved via a complex growth phase–dependent mechanism. 

The genes encoding for ScbA and ScbR lie adjacent and divergently oriented on  

the chromosome. ScbR is a transcriptional repressor and an autoregulator. In 

the exponential phase of growth, basal levels of ScbR are present, which are 

sufficient to bind to the DNA at site R, upstream of its own promoter region, 
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 blocking its own transcription. Expression of scbA is activated in transition 

phase of growth by a yet unknown mechanism, resulting in the synthesis of 

SCBs by ScbA. The signalling molecules bind to their receptor protein ScbR and 

this provokes conformational changes of this protein that prevent its DNA 

binding ability. This results in activation of scbR transcription and accumulation 

of ScbR protein during transition phase.  

An additional ScbR binding site (site A) was found in the promoter region of 

scbA by gel retardation assays (Takano et al., 2001). DNAse I footprinting 

analyses showed that site A overlaps with the scbA core –10/–35 region. It was 

hypothesised that ScbR represses the expression of scbA by binding to site A. 

The exact mechanism by which scbA expression is then induced is still 

unknown, but it seems to involve the action of both ScbR and ScbA (Takano et 

al., 2001). 

The SCB system is involved in the indirect regulation of Act and Red synthesis 

in S. coelicolor: overproduction of Act and Red was observed in a scbA deletion 

mutant, while a scbR deletion mutant showed a delay in production of both 

antibiotics (Takano et al., 2001). Yet, ScbR does not bind to the promoter 

regions of the pathway-specific regulators for Act and Red production (Takano 

et al., 2001). ScbR directly regulates the expression of the CPK antibiotic 

biosynthetic gene cluster by repressing cpkO, encoding for a SARP 

(Streptomyces Antibiotic Regulatory Protein) activator of the cluster (Takano et 

al., 2005). Two different ScbR binding sites have been found in the promoter 

region of cpkO by gel retardation assays; site OA, whose sequence shows high 

similarity to site R, and site OB, which resembles the site A sequence. As 

reported in Takano et al. (2005), ScbR binds to site OA, in the core promoter of 

cpkO, in exponential phase of growth repressing transcription of the gene 

(Takano et al., 2005). When SCBs are synthesised in transition phase, they bind 

to ScbR, which dissociates from the DNA at this site, thus allowing transcription 

of the cpkO gene and, consequently, of the CPK cluster (Takano et al., 2005). 

The CPK biosynthetic gene cluster is regulated by a complex mechanism not 

yet fully elucidated (Gottelt et al., 2010). Besides ScbR and CpkO, at least two 

other proteins control the expression of the CPK biosynthetic gene cluster; the 

SARP activator CpkN, and the pseudo-γ-butyrolactone repressor protein ScbR2, 

whose genes are located in the CPK gene cluster (Pawlik et al., 2007, Gottelt et 

al., 2010, Xu et al., 2010b). ScbR2 binds to the promoter region of cpkO 
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repressing the transcription of this gene in late transition phase which suggests 

a negative feedback mechanism to eventually reduce the expression of the 

CPK cluster in late stages of transition phase (Gottelt et al., 2010, Xu et al., 

2010b).  

In this study, the role of the SCB receptor protein ScbR in expression of scbA in 

S. coelicolor M145 was assessed by introducing four point mutations in the 

DNA sequence of site A, yielding mutant LW145. These mutations were 

introduced in such a way that the sequence of site A differed from the ScbR 

binding consensus sequence, which resulted in inability of ScbR to bind to this 

site as seen by gel retardation assays in vitro. Further characterisation of 

mutant LW145 revealed that ScbR is responsible for the growth phase–

dependent repression of scbA expression but also is involved in induction of 

scbA expression, probably in combination with other proteins. The data 

presented here extend our understanding of the complex regulation of the SCB 

system and of the mechanism by which this system regulates antibiotic 

production in S. coelicolor.  
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 Materials and methods 

Bacterial strains, plasmids and growth conditions 

Streptomyces coelicolor strains were manipulated as described previously 

(Kieser et al., 2000). Escherichia coli strains JM101 and ET12567 were handled 

according to standard procedures (Sambrook et al., 1989). MS agar (Kieser et 

al., 2000) was used to make spore suspensions and for plating out 

conjugations, and to observe morphological differentiation. R2, R2YE, SMMS 

(Kieser et al., 2000), modified SMMS (MSMMS; without casamino acids and 

supplemented with 325 mM glutamate) (Gottelt et al., 2010) and a 2% agar 

version of the minimal medium described in Nieselt et al. (2010), were used to 

assess antibiotic production of S. coelicolor strains in solid media. Table S1 lists 

the plasmids used in this work. 

Construction of a site A mutated strain of S. coelicolor 

In order to alter the sequence of site A to differ from the ScbR binding 

consensus sequence, four point mutations were introduced in this site in the 

wild type strain S. coelicolor M145. To do this, the scbA/scbR region was 

amplified by PCR with RB5F and RB5R primers (all primers used in this work are 

listed in Table S2) using SCAH10 as template (Redenbach et al., 1996) to yield a 

1930 bp fragment. This fragment was cloned into pGEM-T Easy vector 

(Promega) to obtain the plasmid pTE74. The sequence of the amplified 1.9 kb 

fragment in pTE74 was verified by sequencing. The sequence of the ScbR-

binding site A was altered using a modified version of the site-directed ligase-

independent PCR-mediated mutagenesis (SLIM) method (Chiu et al., 2004). A 

92 nt oligonucleotide, BindingA, containing the point mutations, was amplified 

by PCR using primers BindA-fwd and BindA-rev. 100 ng of the 92 bp fragment 

were used in combination with flanking primers, SLIM1 (10 pM) and SLIM2 

(10 pM), to amplify pTE74 by inverse PCR using a mixture of Taq DNA 

polymerase (5 units, Qiagen) and ProofStart DNA polymerase (0.2 unit, 

Qiagen). PCR products were purified with the Qiagen PCR purification kit and 

pTE74 was removed by treatment with 10 units of DpnI (New England Biolabs). 

The conditions for SLIM heteroduplex formation were performed as described 

in (Chiu et al., 2004). 5 µl of reaction mixture were used to transform 

competent E. coli JM101 cells. Clones were screened by colony PCR for the 

desired mutations using the detection primer, VerifA-fwd, which contains at 
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the 3’ end, the GCC triplet (instead of CGG present in the wild type binding site 

A). This primer in combination with primer scbRrt1 allowed amplification of a 

PCR fragment only with the plasmid containing the modified binding site A as 

template. The resulting plasmid was named pTE75. The EcoRI 1.9 kb fragment 

from pTE75 was subcloned into the EcoRI site of the conjugative vector 

pKC1132 (Bierman et al., 1992), to yield pTE76. Sequencing of this plasmid 

revealed that it contained an additional undesired point mutation in the scbA 

coding region. This mutation was then corrected by re-amplification of this 

plasmid with primers Fix-scbApm_pTE76_F and Fix-scbApm_pTE76_R 

containing the wild type corrected base according to the QuikChange 

mutagenesis method (Agilent Technologies). The obtained modified plasmid 

(pTE76*) contained the desired four mutations in site A, and no other 

additional mutations, as confirmed by sequencing. The scbA/scbR region 

including the mutated site A was cloned in pTE33.  

pTE33 is a derivative of the E. coli/Streptomyces shuttle vector pKC1132 

(Bierman et al., 1992), and contains a 7.5 kb DNA fragment that includes genes 

sco6263 to sco6269 flanking the scbA/scbR region. The 7.5 kb fragment in this 

plasmid was obtained from two other plasmids, pIJ6111, harbouring a 4.5 kb 

DNA fragment including genes from sco6263 until approximately the 5’ end of 

sco6266 (scbA), and pIJ6114, harbouring the adjacent 3 kb DNA fragment 

including the end of scbA and genes sco6267-sco6269 (Takano et al., 2001). 

First, pIJ6114 was digested with BamHI and XmnI to yield a fragment of 3 kb. 

This BamHI-XmnI DNA fragment was ligated to pCR-BluntII-TOPO digested with 

BamHI and EcoRV, and the resulting vector was called pTE31. pIJ6111 was then 

digested with BamHI, and the 4.5 kb DNA fragment obtained was isolated and 

ligated to pTE31 digested with BamHI. Plasmids with the 4.5 kb fragment 

inserted in the right orientation were screened by restriction digestion 

profiling. The resulting plasmid (pTE32) contains the 7.5 kb fragment 

containing scbA and scbR. pTE32 was digested with HindIII and XbaI to isolate 

the 7.5 kb fragment and it was ligated to pKC1132, a suicide vector for 

conjugation between E. coli and Streptomyces, to yield pTE33. The complete 

7.5 kb DNA fragment included in this plasmid was sequenced to confirm the 

absence of mutations.  

A 1.2 kb PstI-NruI DNA fragment, including most of scbA and scbR from 

pTE76*, was ligated into pTE33 to obtain pTE34. pTE34 was used to transform 
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 the methylation deficient strain E. coli ET12567 carrying the non-transmissible 

mobilizing plasmid pUZ8002 (Paget et al., 1999) and transferred  by 

conjugation into S. coelicolor M145. Single-crossover exconjugants were 

selected on SFM containing apramycin and then taken through two rounds of 

non-selective growth on SFM to allow the double cross-over event that will 

lead to the loss of the plasmid and the apramycin resistance, and therefore to 

the allelic exchange. Apramycin-sensitive colonies were then selected and 

checked by PCR for the presence of the mutations in site A, using the primers 

VerifA-fwd and RCseq25. Positive clones were then sequenced to ensure the 

presence of the mutations in site A and the absence of additional mutations. 

The resulting mutant strain was called LW145.  

Complementation of strain LW145 

Complementation was performed by replacing the mutated site A by the wild 

type site A in S. coelicolor LW145. pTE33 was introduced into the methylation 

deficient E. coli strain ET12567 and transferred to S. coelicolor LW145 by 

conjugation. Insertion of the plasmid in the chromosome of LW145 was 

confirmed by selection with apramycin and by PCR. Double cross-over 

exconjugants were obtained after two rounds of non-selective growth in MS 

medium without antibiotics as described in the previous section. Positive 

clones were verified by PCR and by sequencing, confirming the absence of the 

four point mutations in site A.  

Time-series experiments 

S. coelicolor M145 (wild type), LW145 (site A mutant), M751 (ΔscbA) and M752 

(ΔscbR) were grown in 50 ml of SMM liquid medium (3.45 x 108 spores) and 

incubated at 30°C at 220 rpm. Optical density at 450 nm (OD450) was measured 

every hour from 16 to 26 h and at 42 h of incubation. Samples for RNA, 

protein, γ-butyrolactones (SCBs) and antibiotic isolation were collected at 

OD450 values corresponding to different phases of growth. These experiments 

were performed in triplicate to assess the reproducibility of the results.  

Gel retardation assays 

DIG-labelled DNA probes were made as follows. Using two combinations of 

primers ETS2/ETS4 or ETS4/ETS10 (see Table S2) on pTE74 (original site A) or 

pTE75 (mutated site), four DNA fragments were amplified by PCR, gel purified 



 

59 

Role of ScbR in scbA expression 

and 1.5 µg of each PCR fragment were DIG-labelled with terminal transferase 

according to the instructions of the manufacturer (Roche, Dig Gel shift kit). 

Each gel retardation assay was conducted as in Takano et al. (2001) with 

3.75 ng of DIG-labelled probes and 100 ng of pure ScbR (in a final volume of 

20 µl). 

Antibiotic production measurements 

The antibiotic production of LW145 was studied in duplicate, in both liquid and 

solid media in comparison with M145, M751 and M752. In liquid media, Act 

and Red were extracted from SMM liquid cultures (samples were collected at 

the time points indicated in Figure 2) according to the procedure described by 

Strauch et al. (1991). To assess the antibiotic production of these strains in 

solid media, 1 x 108 spores of each strain were streaked out on R2, SMMS, and 

modified SMMS (without casaminoacids and with 325 mM L-glutamic acid 

monosodium salt (Gottelt et al., 2010)). 

Reverse transcription and quantitative RT-PCR 

Gene expression studies were performed in the LW145 mutant strain by 

quantitative RT-PCR using random-primed cDNA in comparison with the 

expression profiles of the wild type strain M145, and with the scbA and scbR 

deletion mutants M751 and M752 (analyses were performed in two biological 

replicates of all the strains). RNA was isolated as described in Kieser, et al. 

(2000). For each sample, 10 µg of RNA were treated with 10 U of DNAseI 

(Roche) to remove the remaining DNA. RNA integrity and lack of DNA was 

assessed by electrophoresis in an agarose gel and by PCR, and its 

concentration measured using a nanodrop spectrophotometer (Thermo 

Scientific). RNA (2 μg) was used to synthesize random-primed cDNA as 

previously described (Gottelt et al., 2010). qRT-PCR reactions were run on a 

BioRad CFX96 Real Time PCR Detection System in a reaction volume of 12 μl, 

using IQ-SYBR-Green Supermix (BioRad), 33.33 ng of cDNA and 5 pmol of each 

primer. The PCR reaction conditions were as follows: denaturation at 95°C for 

3 min, then 40 cycles of denaturation at 95°C for 10 s and annealing at 60°C for 

30 s, followed by a melt curve that includes a step at 95°C for 10 s and a 0.5°C 

increasing temperature gradient from 65° to 95° in intervals of 5 s. The hrdB 

gene, encoding for the RNA polymerase main sigma factor, was used as 

reference gene and the expression data for all the samples was normalised to 
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 its mRNA levels. Relative quantification was achieved by comparing every 

normalised expression level to the expression level of the reference sample 

(TP1, exponential phase). All samples were run in triplicate. Data analysis was 

performed using BioRad CFX Manager 2.0. Primers used for these experiments 

(Table S2) amplified a cDNA fragment spanning the UTR region of scbA and 

scbR respectively, not in the coding region, so that the same primers could be 

used for the scbA and scbR deletion mutants (in which most but not all of the 

coding region was removed) (Takano et al., 2001).  

Protein separation and Western analyses 

Protein was isolated from approximately 25 ml of SMM liquid cultures. Cells 

were vacuum-filtered, washed and disrupted by sonication (10 cycles, 15 sec 

on, 45 sec off) and with a French press (four cycles, 1,000 psi). Cell-free 

extracts were obtained by centrifugation and proteins were separated by SDS-

PAGE (15% w/v SDS-polyacrylamide gels) according to Laemmli’s procedure 

(Laemmli, 1970). Proteins were then transferred to a polyvinylidene (PVDF) 

membrane and treated with ScbR antibodies (Gottelt et al., 2012) (dilution 

1:10,000) as previously described (D'Alia et al., 2010). This experiment was 

performed in two biological replicates. 

Kanamycin bioassay 

SCBs production in the various strains was assessed by means of the 

kanamycin bioassay (Hsiao et al., 2009b). This bioassay makes use of a reporter 

strain, LW16, a scbA and scbR double deletion mutant, carrying the plasmid 

pTE134. This plasmid harbours a kanamycin resistance gene under the control 

of the cpkO promoter, which is directly repressed by ScbR, also encoded in the 

plasmid. If γ-butyrolactones are present in the medium, the repressive effect 

of ScbR on the cpkO promoter is relieved and the kanamycin resistance gene is 

expressed (Hsiao et al., 2009b). The SCBs were extracted with 2 volumes of 

ethyl acetate from 50 ml SMM liquid culture supernatants. These extracts 

were dried, resuspended in 25 μl of methanol, and 5 μl were spotted in DNA 

agar plates containing 4.5 μg/ml kanamycin inoculated with the reporter strain 

LW16/pTE134 (2.6 x 106 spores). The plates were incubated at 30°C for 2 days. 

For a detailed protocol see Hsiao et al, 2009a. The results shown were 

obtained from three different biological replicates. 
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Extracts were also obtained from agar plates. Confluent lawns of the different 

strains were grown in SMMS agar plates (10 square plates, 12x12 cm) and 

incubated for 3 days at 30°C. SCBs were isolated from the agar with ethyl 

acetate and the extracts were dried and resuspended in 100 μl of 100% 

methanol as described in Takano et al. (2001). 

Analyses of SCBs by LC/MS  

Ethyl acetate extracts from the wild type M145, LW145, M751 (∆scbA) and 

M752 (∆scbR) grown in SMMS, and extracts from the time series experiment 

from wild type M145 and mutant LW145 were dried and resuspended in 100 % 

methanol. These extracts were then analysed using liquid chromatography (LC) 

on-line coupled to an Exactive Orbitrap-MS (Thermo Scientific Corporation). 

Chemically synthesised racemic SCB1 and SCB2 (100 ng/μl) (Chapter 3), were 

used as standards, and strain ΔscbA ethyl acetate extracts were injected as 

negative control. The LC/MS system was operated with the electrospray 

ionization source in positive mode. LC conditions were as follows: the column 

was a Reversed Phase C18 column (Shim-pack XR-ODS, Shimadzu, 3 μm, 75 μm 

i.d. x 15 cm); the mobile phases consisted of A (0.1% (v/v) Formic Acid in 

Water) and B (0.1% (v/v) Formic Acid in Acetonitrile). The gradient elution (24 

min in total) started with 30% B for 1 min, 50% B at 22 min, 50% B hold for 1 

min and back to initial phase 30% B at 24 min; flow rate 0.6 μl/min; MS mass 

detection range 80-800 Da. All solvents were LC-MS grade (Biosolve). 1 μl of 

the standards and 5 μl of the ethyl acetate extracts were injected. 3 technical 

replicates were run for each sample. Data analysis was done using the Xcalibur 

software (Thermo Fisher Scientific).  
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 Results  

Construction of site A mutant strain LW145 and complementation 

To assess the effects of the ScbR protein on the expression of the scbA gene, 

the ScbR binding site A (located in the promoter region of scbA) was mutated 

on the chromosome of the wild type strain S. coelicolor M145. As shown in 

Figure 1, four point mutations were inserted in site A that modified it from the 

ScbR binding consensus sequence. These mutations were introduced outside 

of the –10/–35 region, which resembles the consensus recognition sequence 

for the major sigma factor HrdB of S. coelicolor (Brown et al., 1992, Aigle et al., 

2000) and was kept unmodified. The resulting mutant strain was obtained by 

replacement of the original site A by the mutated site A by double cross-over 

recombination using plasmid pTE34 (Table S1); it was named LW145. The 

sequence of the scbA–scbR region was verified by sequencing.  

 

Figure 1. Mutations in site A, the ScbR binding site in the scbA promoter region. The 
four point mutations in site A (in grey lower case) that modified it from the ScbR 
binding consensus sequence without affecting the –10/–35 region. Conserved 
nucleotides from the ScbR consensus sequence are shown in bold. Numbers (–10) and 
(–35) are with respect to the scbA transcriptional start site. The transcriptional start 
sites of scbA and scbR are denoted by bent arrows (scbAp, scbRp). The ScbR binding 
consensus sequence is indicated above. Inverted repeats are indicated by arrows. 

The phenotype of the site A mutant LW145 was studied in different phases of 

growth, in comparison with the wild type strain M145 and the mutants M751 

(ΔscbA) and M752 (ΔscbR). The strains were grown in SMM liquid medium, and 

samples were taken at different time points during growth. Samples were used 
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to isolate RNA, protein, antibiotics and γ-butyrolactones (SCBs). The time 

points at which samples were collected and the corresponding phase of 

growth are indicated in Figure 2. All mutated strains were similar in growth 

compared to the wild type strain M145.  

 

 

Figure 2. Growth curves of wild type strain M145, and mutant strains LW145, M751 
and M752 in SMM medium. Samples were collected at the time points indicated on 
top of the curves (1 to 6). The phase of growth that corresponds to each time point is 
indicated at the top as EXP, exponential phase, TRAN, transition phase, and STAT, 
stationary phase.  

A complementation mutant was constructed by replacing the mutated site A 

by a wild type copy by double cross-over recombination. Plasmid pTE33 was 

transferred into strain LW145 by conjugation and the double cross-over 

recombinants were selected and confirmed by sequencing. The phenotype of 

this complementation mutant was restored to that of the wild type.   

ScbR cannot bind to the mutated site A in vitro 

To determine whether ScbR could bind to the mutated site A in vitro, gel 

retardation assays were performed with DNA fragments containing either the 

original site A or the mutated site A (site A*). The relative positions of the 

fragments used for these experiments are shown in Figure 3, A.  

When the original site A was tested, retarded DNA-ScbR complexes were 

detected. No retardation was detected when the DNA fragment containing the 

mutated site A was used (Figure 3, B). Furthermore, when a fragment 
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 containing both mutated site A and site R was used (fragment A*-R), only two 

retarded complexes were detected, as opposed to the four complexes 

detected when using a DNA fragment including the original site A and site R 

(fragment A-R), indicating that ScbR is only binding to site R in this DNA 

fragment (Figure 3, B).  

 
Figure 3. Inability of the ScbR protein to bind to the mutated site A. A, DNA fragments 
used for the assay were amplified by PCR using primers ETS4, ETS2 and ETS10, 
indicated with arrows. Fragment A and A* contain only the original site A or mutated 
site A, respectively. Fragments A-R and A*-R include also site R. scbAp and scbRp, 
depicted by bended arrows, denote the transcriptional start site of scbA and scbR 
respectively (Takano et al., 2001). B, Gel retardation assays using DIG-labelled DNA 
fragments containing either original site A (fragment A) or mutated site A (fragment 
A*) and either the original site A and site R (fragment A-R) or mutated site A and the 
original site R (fragment A*-R) with (+, 100 ng) or without (–) pure ScbR. 
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Transcription levels of scbA and scbR are altered in the site A mutant 
LW145 

To assess the effects of the mutation in site A on the transcription of scbA and 

scbR, qRT-PCR experiments were performed. RNA was isolated from samples 

collected at different phases of growth of M145, LW145, M751 and M752 

grown in SMM medium (see Figure 2). The results shown were reproducible in 

two biological replicates. 

As shown in Figure 4, levels of scbA transcripts increased dramatically in the 

early and mid-transition phase in wild type strain M145, and fell quickly in late 

transition phase. Compared to wild type, the site A mutant LW145 showed 

increased levels of scbA transcript in exponential phase. However, no induction 

of scbA expression was observed in transition phase, at the same time point at 

which it was observed for the wild type. It is possible that the scbA induction 

peak was slightly shifted in time; however, we did not detect any increase in 

scbA transcription at an intermediate time point between time point 3 and 4 

(data not shown). A similar expression profile was observed in the scbR 

deletion mutant, with higher expression levels for scbA in exponential phase 

compared to the wild type and loss of induction in transition phase, although 

the overall amount of scbA transcript detected was lower compared to the 

amounts detected in the site A mutant. These results suggest that ScbR is 

involved in controlling the induction of scbA transcription.  

Only basal levels of scbA transcripts were detected for the scbA deletion 

mutant M751, assessed by amplifying a region in the 5’ untranslated region 

(UTR) of this gene, which is still present in the deletion mutant.  

The expression of scbR increased gradually in time in M145 until it reached its 

maximum in mid-transition phase to start decreasing again gradually until 

stationary phase (Figure 4). Levels of scbR transcript in ∆scbA were strongly 

reduced compared to the wild type, while scbR was overexpressed in ∆scbR 

(Figure 4), as determined by amplifying a region in the 5’ UTR of the scbR gene, 

as was previously reported (Takano et al., 2001). scbR was also overexpressed 

in mutant LW145, from the earliest time point in exponential phase onwards, 

resembling the expression profile obtained for ∆scbR. Thus, there is no 

repressive effect of ScbR on its own transcription in mutant LW145.   
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Figure 4. qRT-PCR  analysis  of scbA and scbR expression  along growth of S. coelicolor 
strains. Expression levels are shown as fold change relative to the levels of the M145 
sample at time point 1 (exponential phase). Numbers indicate the time points at which 
RNA samples were collected (see Figure 2) and its correspondence with the growth 
phase is indicated below (E, exponential, TRAN, transition, S, stationary phase). 
Asterisks indicate the onset of γ-butyrolactone production in M145 and LW145, as 
detected with the kanamycin assay.  

Expression of ScbR is constitutive in the site A mutant strain LW145 

ScbR is an autoregulator that represses its own transcription. scbR was 

overexpressed in the site A mutant LW145, in similar levels as in the scbR 

deletion mutant M752. To assess whether the high levels of scbR transcript 

actually correspond to high levels of ScbR protein in this mutant, Western Blot 

analyses were performed using ScbR antibodies. Protein samples were isolated 

from M145, LW145, ∆scbA and ∆scbR cultures grown in SMM medium, 

collected at different stages of growth, at the same time points at which the 

RNA samples used for the qRT-PCR experiments were collected (Figure 2).  
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Levels of ScbR protein increased in M145 as the culture progressed into 

transition phase to reach a maximum level in stationary phase (Figure 5). In 

contrast, ScbR protein was detected in higher levels already from exponential 

phase onwards in LW145, and these high levels further increased as the 

culture entered stationary phase. No ScbR protein was detected in the scbA 

deletion mutant. As expected, the ScbR protein was also absent from the scbR 

deletion mutant M752 (Figure 5).  

The constitutive expression of ScbR from exponential phase onwards in LW145 

agrees with the overexpression of the scbR gene detected by qRT-PCR in this 

phase of growth. This suggest that ScbR is no longer repressing its own gene 

expression in this mutant. This in turn suggests that ScbR is not binding to site 

R in vivo in the conditions examined, despite the fact that binding of ScbR to 

site R is observed in the gel retardation assays in vitro and although the 

sequence of site R was not modified in the site A mutant LW145 as checked by 

sequencing.  

 

Figure 5. Western blot analysis for the detection of the ScbR protein during growth of 
S. coelicolor strains. Protein samples were obtained from liquid cultures of M145, 
LW145, M751 ∆scbA and M752 ∆scbR at different time points of growth. Western 
blots were performed using ScbR antibodies. Numbers indicate the time points (TP) at 
which the samples were collected (see Figure 2). EXP, TRAN and STAT indicate the 
phase of growth corresponding to every time point (EXP, exponential, TRAN, 
transition, STAT, stationary phase). C, control sample containing ScbR protein. 
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 LW145 shows an early production of SCBs  

To further analyse the in vivo effects of the inability of ScbR to bind to the 

mutated site A, the SCBs production profile along growth in liquid medium was 

studied in the site A mutant LW145 by means of the kanamycin assay (Hsiao et 

al., 2009b), and compared to the profiles of the wild type strain M145 and the 

scbA (M751) and scbR (M752) deletion mutants. Samples were collected at the 

time points indicated in Figure 2. 

Only wild type strain M145 extracts from mid-transition to stationary phase of 

growth activated the growth of the reporter strain (Figure 6, A). The onset of 

SCBs production in M145 thus occurs in mid-transition phase, as previously 

reported (Takano et al., 2001), at the same time point at which the peak in 

scbA transcription was detected by qRT-PCR. In LW145, the site A mutant 

strain, SCBs are produced earlier, and are already detectable in early transition 

phase (Figure 6, A). These results were reproducible for three different 

biological replicates. The early production was also confirmed by LC/MS 

analyses. The same samples used for the kanamycin assays were run in 

duplicate in the LC/MS and their chromatograms and mass spectra compared 

to the chemically synthesised SCB1 and SCB2 standards (Chapter 3). The SCBs 

were detected already in late exponential phase in LW145 extracts, in contrast 

to the wild type extracts, where signalling molecules were only detected in 

early transition phase (Figure 7). No SCBs were detected in time point 1, 

corresponding to early exponential phase in the site A mutant LW145. 

The size of the halo of growth detected with the kanamycin bioassay depends 

on the amount of γ-butyrolactones present; in general terms, the higher the 

amount of γ-butyrolactones present, the bigger the diameter of the halo 

(Hsiao et al., 2009b). Our results show that the site A mutant LW145 is 

producing reduced amounts of SCBs compared to the wild type strain, since 

the diameter of the halo of growth observed with the LW145 extracts is slightly 

smaller than the one observed with M145 extracts (Figure 6). This pattern was 

also confirmed by LC/MS analyses. SCB1 was detected in the LW145 strain in 

amounts 3 times lower than in the wild type, and amounts of SCB2 detected 

were 5 times lower (Figure 8). 
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Figure 6. Kanamycin assay for the detection of γ-butyrolactones along growth of S. 
coelicolor strains. A, Ethyl acetate extracts obtained from liquid culture supernatants 
of M145 (wild type strain), LW145 (site A mutant), and the scbA and scbR deletion 
mutants, collected at exponential (EXP), transition (TRAN) and stationary (STAT) phase, 
were tested. A halo of growth of the reporter strain indicates the presence of γ-
butyrolactones in the extracts. Controls: 0.4 µg of chemically synthesised racemic 
SCB1, Methanol and an ethyl acetate extract of the SMM medium used for the liquid 
cultivations. B, Extracts were obtained from confluent lawns of the different strains 
growing on SMMS agar plates. A ΔscbR extract concentrated 10 times (indicated as 



 

70 

Chapter 2 

 10X), succeeded in activating the growth of the reporter strain, while a ΔscbA extract 
did not. The diameter of the halo observed for ΔscbR was considerably reduced 
compared to non-concentrated M145 extracts (on the top). 

 

Figure 7. Relative amounts of SCB1 and SCB2 produced in SMM liquid medium during 
growth of S. coelicolor strains in liquid medium, as detected by LC-MS. The graphs are 
showing the absolute intensities of the chromatographic peaks (mass range 245.1740-
245.1760 Da) in logarithmic scale, obtained for SCB1 and SCB2 by LC-MS, at different 
time points in LW145 compared to M145. The chromatographic peaks and mass 
spectra of SCB1 and SCB2 in the time series samples match with peaks and mass 
spectra obtained from LC-MS analysis of the chemically synthesised standards SCB1 
and SCB2 confirming the identification of these compounds (as shown in Figure S1). 
The values shown are the average of three technical replicates. The standard deviation 
is indicated with error bars.  

 

No growth of the reporter strain was detected when using the M751 (scbA 

mutant) and M752 (scbR mutant) extracts, in any phase of growth, showing 

that no detectable amounts of SCBs are present in these samples (Figure 6, A). 

Similar results were previously reported in Takano et al. (2001) where the 

standard bioassay for γ-butyrolactones, (that tests the ability of the extracts to 

induce precocious Act and Red in a lawn of M145) which shares the same 

detection sensitivity toward SCB1, was used (Hsiao et al., 2009b). However, 

when a 10 times concentrated M752 extract was tested with the kanamycin 

bioassay, growth of the reporter strain was detected, suggesting that the scbR 

deletion mutant strain does produce SCBs but in lower amounts than the wild 

type strain (Figure 6, B). The reporter strain did not show any growth when 10 

times higher concentration of extracts of M751 (scbA deletion mutant) were 

used (Figure 6, B). 

The results of the Kanamycin bioassays for the scbR deletion mutant were 

confirmed by high-resolution LC/MS mass spectrometry of ethyl acetate 
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extracts obtained from cultures on SMMS solid medium. The chromatographic 

peaks and their corresponding mass spectra detected in the ethyl acetate 

extracts of M145 and M752 (∆scbR) matched with the peaks and masses 

detected with the chemically synthesised SCB1 and SCB2 (Figure S1). The 

intensity of the peaks obtained for the scbR deletion mutant was however 

notably low, about 15 times lower than the intensity of the peak obtained for 

the wild type strain for SCB1 and about 60 times lower for SCB2 (Figure 8). The 

results shown in Figure 8 correspond to one biological replicate. Ethyl acetate 

extracts from an independent experiment used as a second biological replicate 

were also analysed by LC/MS and confirmed the strong reduction in SCB1 and 

SCB2 levels detected in M752. These results confirm that the scbR deletion 

mutant has the ability to produce SCBs although in considerably lower 

amounts than the wild type strain M145.  
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Production of coelimycin P2 is delayed in LW145 and in the scbR 
deletion mutant, and absent in the scbA deletion mutant 

ScbR directly regulates the expression of the CPK biosynthetic gene cluster by 

repressing the transcription of cpkO, encoding CpkO, an activator of the CPK 

cluster. The SCBs activate the expression of cpkO by avoiding ScbR from 

binding to its promoter which results in activation of expression of the gene 

(Takano et al., 2005). To evaluate whether the early production of SCBs 

detected in LW145 affects the production of the CPK metabolites, the ability of 

this mutant strain to produce coelimycin P2, a yellow glutamate adduct the 

antibiotic coelimycin A (Gomez-Escribano et al., 2012, Kotowska et al., 2014), 

was assessed. Wild type M145, mutants LW145, M751, M752, LW16 

(scbA/scbR double deletion mutant) and the LW145 complementation mutant 

(cLW145) were grown on agar media supplemented with glutamate (MSMMS 

medium), and pigment production was compared.  

A yellow coloration was observed for M145 (and cLW145) already 27 h after 

inoculation, while it was clearly delayed in the site A mutant LW145 (Figure 9). 

Production of coelimycin P2 was not detected for the scbA deletion mutant 

M751, as previously reported (Gottelt et al., 2010), while the ∆scbR mutant 

M752 showed a delayed and reduced production of the pigment. Coelimycin 

P2 production in the scbA/scbR double deletion mutant LW16 resembles the 

production profile observed for the LW145 mutant (Figure 9).  

 

 

 

 

 

 

 

Figure 9. Production of coelimycin P2 in LW145 compared to wild type M145, M751 
(∆scbA), M752 (∆scbR), LW16 (scbA/scbR double deletion mutant), and the LW145 
complementation mutant (cLW145). Spores of the different S. coelicolor strains were 
streaked out on MSMMS (modified SMMS medium) agar, optimised for coelimycin P2 
production, visualised as yellow coloration. The pink coloration corresponds to Red 
production.  
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 Expression of cpkO and scbR2 is reduced but starts earlier in LW145 in 
comparison to the wild type 

SCBs activate the expression of cpkO, encoding the SARP activator of the CPK 

cluster, by binding to the repressor ScbR. To assess the effects of the early 

onset of SCBs on transcription levels of cpkO and scbR2, regulators of the CPK 

cluster, qRT-PCR experiments were performed in the LW145 mutant and 

compared to M145.  

In the site A mutant, levels of cpkO expression increased in early transition 

phase in comparison with the wild type M145 (Figure 10). However, the 

expression levels of this gene were greatly reduced in mid-transition phase 

compared to M145. Expression of scbR2 in M145 occurred after the increase in 

cpkO transcript levels, in late-transition phase. Interestingly, transcript levels of 

scbR2 were detected earlier (early transition phase) and in higher amounts in 

the site A mutant (Figure 10).  

 

 

Figure 10. qRT-PCR analysis of 

cpkO and scbR2 expression along 

growth of S. coelicolor strains. All 

levels are normalised to that of 

hrdB. Relative quantification of 

the transcription levels is shown 

as fold change relative to the 

levels for M145 sample at time 

point 1. Asterisks indicate the 

onset of γ-butyrolactone 

production in the M145 and 

LW145 strains. 
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Act and Red are produced earlier in the site A mutant LW145 
compared to the wild type  

The SCB system has been suggested to be involved in regulation of production 

of the antibiotics Act and Red in an indirect manner (Takano et al., 2000, 

Takano et al., 2001). To elucidate the effects of the mutation in site A on Act 

and Red production, the levels of these compounds were analysed in solid and 

liquid media in the site A mutant LW145 compared to the wild type and scbA 

and scbR deletion mutant strains.  

An earlier onset of Red production was observed in the site A mutant LW145 

compared to the wild type strain M145 when grown on SMMS solid medium 

(Figure 11, A). As previously reported, the scbA deletion mutant showed an 

overproduction of Act and Red compared to M145 while in the scbR deletion 

mutant the production of Red was delayed (Takano et al., 2001). It is 

noteworthy that no differences in Act and Red production were observed for 

the scbA/scbR double deletion mutant LW16 compared to the wild type.   

Act and Red production in liquid SMM medium was also assessed using 

samples at the time points indicated in Figure 2. The spectrophotometric 

quantification showed that LW145 mostly produced Act and Red in similar 

amounts as the wild type strain M145 (Figure 12). However, very low levels of 

Act were already reproducibly detected in early transition phase in LW145, 

while production started in mid-transition phase in the wild type (Figure 12, B). 

These results show that the onset of Act production in LW145 occurs earlier 

than in the wild type, in early transition instead of mid-transition phase, in 

liquid media. As seen also in solid medium, the ∆scbA strain overproduced Act 

and Red, and the production was delayed and considerably reduced in ∆scbR 

compared to both the site A mutant LW145 and the wild type (Figure 12, A, B).   
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Figure 11. Antibiotic production (Act and Red) in R2 and SMMS solid media in LW145 
compared to M145, M751 ∆scbA, M752 ∆scbR, and the LW16 (scbA/scbR double 
deletion mutant). Spores of the different S. coelicolor strains were streaked out on R2 
and SMMS agar. The pink coloration corresponds to Red production and blue to the 
production of Act.  
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Figure 12. Comparison of Act and Red production in liquid medium between the wild 
type M145, the site A mutant (LW145), M751 (ΔscbA) and M752 (ΔscbR). A, The 
figure shows cell pellets from 1 ml of culture of each sample collected at the different 
time points (TP, numbers 1 to 6 in Figure 2). The production of Act and Red can be 
visualised by the purple and pink coloration of the pellets or the supernatant. B, 
Production of Act and Red was measured spectrophotometrically from the 
supernatants of the samples shown in A. The results show the average quantity 
obtained from two biological replicates. The corresponding growth phases are 
indicated as E, exponential phase, TRAN, transition and S, stationary phase. Asterisks 
indicate the onset of γ-butyrolactone production in M145 and LW145.   
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 Discussion 

The regulation of the SCB signalling system in S. coelicolor is complex. ScbR 

represses its own transcription by binding to the DNA in site R, upstream of its 

promoter region (see Figure 1). SCBs activate expression of scbR by binding to 

ScbR and preventing it from binding to the DNA at its binding site(s). ScbR also 

binds to site A, in the promoter region of scbA, encoding for SCB synthase. In 

this work, mutating site A to prevent ScbR binding resulted in early and 

reduced transcription of scbA and, in agreement with this, an early and 

reduced production of SCBs by LW145 compared to the wild type strain M145. 

Our data indicate that ScbR has a role in repressing expression of scbA and is 

involved in controlling the induction of scbA expression via site A in a growth 

phase-dependent manner.  

It has been hypothesised that ScbR controls the timing of expression of scbA, 

by binding to site A and blocking its transcription (Takano et al., 2001). Indeed, 

an increase in the expression of scbA in exponential phase of growth was 

detected in the site A mutant, where scbR is unable to bind to site A, as well as 

in a scbR deletion mutant. Our results thus confirm the role of ScbR in 

repressing scbA expression in exponential phase. In addition, expression of 

scbA was not induced in transition phase in the site A mutant LW145, which 

also indicates that ScbR has a role in controlling the growth phase–dependent 

induction of scbA transcription, through this site A. However, the exact 

activation mechanism of scbA expression is still unknown. Induction of scbA 

transcription is not solely explained by the absence of repressor protein ScbR 

binding to site A, and it seems more plausible that additional factors or 

proteins are involved. In fact, ScbA has also been reported to be essential for 

induction of its own gene expression (Takano et al., 2001). According to this 

and our data, both ScbR and ScbA are essential for induction of expression of 

scbA and an interaction between these two proteins to activate scbA 

transcription is thus likely. In fact, this ScbA/ScbR interaction has been 

reported to be essential to maintain the bistability characteristic of the SCB 

system genetic switch for production of the CPK antibiotic, according to a 

mathematical model of the SCB system developed by Mehra et al, 2008. In the 

model this system can switch from an ON to an OFF state regarding antibiotic 

production depending on the concentration of SCB1, the most abundant γ-

butyrolactone in S. coelicolor, and the concentration of free (not bound to the 
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γ-butyrolactone) ScbR. The behaviour of the system in the model, agrees well 

with our experimental data. Using gel retardation assays we failed to detect 

ScbA-ScbR interactions under the conditions tested (data not shown). The 

conditions were optimised for ScbR (according to (Takano et al., 2001)) but 

might not be optimal for ScbA. Further experimentation will be needed to 

assess a possible ScbA/ScbR interaction.   

Besides ScbR, several other proteins have been reported to bind to the 

promoter region of scbA and scbR, and could be involved in the regulation of 

expression of these genes, such as SlbR (Yang et al., 2008, Yang et al., 2012), 

NdgR (Yang et al., 2009), SCO3201 (Xu et al., 2010a), DasR (van Wezel et al., 

2011), and the ScbR homologous proteins CprB (Bhukya et al., 2014) and ScbR2 

(Wang et al., 2011). ScbR2 is thought to have a role in shutting down the 

expression of scbA in stationary phase of growth, once the SCBs have carried 

out their signalling function in transition phase (Gottelt et al., 2010, Xu et al., 

2010b).  

It was previously reported that the scbR deletion mutant M752 did not 

produce detectable amounts of SCBs (Takano et al., 2001). In this report we 

detected production of these signalling molecules in mutant M752 by 

increasing the concentration of extract tested with the kanamycin assay, as 

well as by LC/MS. Thus, our data demonstrate that the M752 mutant is indeed 

able to produce SCBs, although in considerably smaller amounts compared to 

the wild type. These findings indicate that ScbR is not essential for SCBs 

synthesis. 

ScbR accumulated earlier in LW145 compared to wild type, and its levels 

remained high along growth in LW145 (Figure 5). This suggests that ScbR is no 

longer repressing its own gene expression in LW145. LC/MS analyses showed 

that the signaling molecules are already produced in late exponential phase of 

growth in the LW145 strain (Figure 7), which prevents the binding of ScbR to 

site R and therefore its self-repression. However, no SCBs were detected in 

early exponential phase, while ScbR protein was present as determined by 

Western blot, indicating that these signaling molecules did not yet accumulate 

in sufficient amounts to prevent ScbR self-repression at this growth phase. An 

additional factor is likely to be involved in regulating the expression of ScbR at 

this early stage of growth. In fact, the convergent disposition of scbA and scbR 

promoters suggests that transcriptional interference is taking place between 
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 these two genes and regulating their expression. As the RNA polymerase 

progresses along the scbA gene, it might be causing occlusion to site R, or 

transcription factor dislodgement, making site R inaccessible for ScbR to bind 

while scbA is transcribed (Palmer et al., 2011). Furthermore, a collision 

between the RNA polymerases transcribing from both genes is also possible 

(Callen et al., 2004, Shearwin et al., 2005), as well as the formation of an 

antisense RNA from the 53 bp scbA/scbR transcript overlap. These mechanisms 

have been reported to affect the bistability of the SCB system genetic switch in 

another mathematical model developed by Chatterjee et al. (2011). Their 

model suggests that the RNAP collision affects the bistability of the system, 

whereas the antisense RNA formed between scbA/scbR overlapping transcripts 

is essential to maintain it. It is possible that this scbA/scbR cis-antisense RNA 

constitutes an additional factor regulating the amount of scbA and scbR 

transcripts produced, that adds to the complexity of this system.  

The SCBs promote the expression of cpkO, activator of the CPK cluster (Takano 

et al., 2005). According to our results, the early production of SCBs observed in 

the LW145 mutant strain seems to lead to an early de-repression of cpkO, and 

therefore the cpk cluster. Unexpectedly, the production of yellow compound 

coelimycin P2 was delayed in the LW145 site A mutant, as was also observed 

for the mutant strains M752 ∆scbR and LW16 (ΔscbA/scbR). Since scbR2 is also 

being transcribed earlier in the site A mutant, the ScbR2 transcriptional 

repressor, which is also a repressor of cpkO expression (Gottelt et al., 2010, Xu 

et al., 2010b), could be taking over the role of ScbR in blocking the expression 

of cpkO and therefore the expression of the cluster, which leads to the delay 

and reduction in yellow compound production observed. It is also noteworthy 

that CpkO and ScbR2 are not the only regulators of the CPK cluster. CpkN, a 

SARP transcriptional activator, whose exact role is still unknown, is situated 

within the CPK cluster. The complex regulation mechanism of the CPK cluster 

remains to be fully elucidated.  

In this work, we have uncovered a growth phase–dependent role of ScbR in 

repressing the expression of the SCBs synthase ScbA as well as the involvement 

of ScbR in induction of expression of scbA. The mutual regulation of expression 

exerted by ScbR and ScbA constitutes a feedback loop to tightly regulate the 

coordinated expression of the scbA and scbR genes and the consequent timing 

of production of the signalling molecules. Our data provide more detailed 
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insights to better understand the complexity of the SCB system. A detailed 

understanding of the regulation of antibiotic production by such a signalling 

system will be highly beneficial in the search for new secondary metabolites 

that are encoded in numerous cryptic gene clusters found in streptomycetes, 

and may help with future attempts to engineer this system as a tool for 

synthetic biology (Biarnes-Carrera et al., 2015). 
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 Supplemental Material 

 

Table S1. Plasmids used in this work 

Name Description Source 

pGEM-T-Easy Cloning vector (ampicillin
R
) Promega 

pCR-BluntII-TOPO Blunt-end PCR products cloning vector 
(kanamycin

R
) 

Invitrogen 

pKC1132 E. coli/Streptomyces shuttle vector 
(apramycin

R
) 

(Bierman et al., 1992) 

(Kieser et al., 2000) 

SCAH10 Cosmid containing the scbA/scbR region (Redenbach et al., 

1996) 

pIJ6111 4.5 kb fragment from cosmid GB10 cloned 

in pIJ2925 

(Takano et al., 2001) 

pIJ6114 3.1 kb BamHI fragment from cosmid GB10 

cloned in pIJ2925 

(Takano et al., 2001) 

pTE74 1.9 kb DNA fragment including scbA/scbR 
region cloned in pGEM-T easy 

This work 

pTE75 pTE74 derivative including 4 point 
mutations in site A 

This work 

pTE76 scbA/scbR region from pTE75 subcloned 
in  pKC1132 (containing the mutated site 
A and a point mutation in the scbA coding 
region) 

This work 

pTE76* pTE76 containing the mutated site A and 
without the point mutation in the scbA 
coding region 

This work 

pTE31 BamHI/XmnI 3 kb fragment from pIJ6114 
cloned in pCR-BluntII-TOPO 

This work 

pTE32 pTE31 with the BamHI 4.5 kb DNA 
fragment from pIJ6111 

This work 

pTE33 HindIII-XbaI 7.5 kb DNA fragment from 
pTE32 cloned in pKC1132 

This work 

pTE34 PstI-NruI DNA fragment from pTE76* 
ligated into pTE33 

This work 
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Table S2. List of primers used in this work 

Use Name Sequence 

Construction of site A mutant 

 Binding A 5´-CTCCTTGTTCATGTCTCCCCCGGGAAGGATA 

GAAAAAAAAGGCCTCAGTCTCTATCTTAACGTTC 

GCGCATACAGAACAGCTCGGCATCACA-3´ 

 BindA-fwd 5´-CTCCTTGTTCATGTCTCC-3´  

 BindA-rev 5´-TGTGATGCCGAGCTGTTC-3´ 

 Fix-scbApm_pTE76_F  5'-GAGTCGCGAAGTCGCCGCGCATCCGCCGGTAGACTTG-

3' 

 Fix-scbApm_pTE76_R 5'-CAAGTCTACCGGCGGATGCGCGGCGACTTCGCGACTC-

3' 

 RB5F 5´-CCTCTAGATCAGCCGGAGAAC-3´ 

 RB5R 5´-CCGACGATATCGCCGACGTGG-3´ 

 RCseq25 5'-CCGTTCTCCTTGGCCTGGTTC-3' 

 scbRrt1 5´-CAGGATGTGCTTCTGCAGCAG-3´ 

 SLIM1 5´-GCAGGCATGGCCAAGCAGGAC-3´ 

 SLIM2 5´-TGATTCCTGGGGGGGACCCATG-3´ 

 VerifA-fwd 5´-TTAAGATAGAGACTGAGGCC-3´ 

Gel retardation assays 

 ETS2 5'-CAAAACTACTGCTTCGGGCATG -3' 

 ETS4 5'- ATCGCCCGGTCCTGCTTGGCCATG -3' 

 ETS10 5'-CTTCGGTATCCAGCTGACCGGGA -3' 

qRT-PCR experiments 

 AqrtF 5'- GCGCATATACAGAACAGCTC-3' 

 AqrtR 5'- GATCGAGTTGGCATCGGAC-3' 

 cpkOrtfw 5'-ACGATGTGGCCGGAACTC-3' 

 cpkOrtrv 5'-GCCGCACCGCAGCTT-3' 

 hrdBrtoutfw 5'-CATGCGCTTCGGACTCA-3' 

 hrdBrtoutrv 5'-ACTCGATCTGGCGGATG-3' 

 RqrtF 5'-TCATGTGATGCCGAGCTG -3' 

 RqrtR 5'-CATGCCTGCCTCCTTGTT -3' 

 scbR2rtfw 5'-CGGTGCTCCGGCAGATC-3' 

 scbR2rtrv 5'-CCGCAGCACGACATCGT-3' 



 

84 

Chapter 2 

  

 
Figure S1. A, Extracted Ion Chromatogram of the chemically synthesised SCB1 and 

SCB2 used as standards. Pure standards of SCB1 and SCB2 are eluted at 4.79 and 5.19 

min, respectively. B, Mass spectra of SCB1 and SCB2 from the standards and 

biological extracts of M145, LW145 and ΔscbR (M752) shown in Figure 8. SCB1 and 

SCB2 are detected with the correct expected masses and predicted formula: 

M+H
+
:245.17 Da (C13H25O4) and the molecular ions after loss of one or two water 

molecules: M-H2O+H
+
: 227.17 Da with formula of C13H23O3 and M-2H2O+H

+
:209.16 Da 

with formula of C13H21O2. For the biological extracts, the molecular ions M+H
+
 and the 

two major fragments after loss of water are visible. Predicted chemical formulas for 

the detected ions match with the expected formula for SCB1 and SCB2: C13H25O4 for 

M+H
+
 C13H23O3 for M-H2O+H

+
and C13H21O2 for M-2H2O+H

+
, respectively. This confirms 

the identification of these compounds in the samples.   



 

85 

Role of ScbR in scbA expression 

References  

Aigle, B., Wietzorrek, A., Takano, E., Bibb, M.J. 2000. A single amino acid substitution 
in region 1.2 of the principal sigma factor of Streptomyces coelicolor A3(2) results in 
pleiotropic loss of antibiotic production. Molecular Microbiology, vol. 37, no. 5, pp. 
995-1004.  

Bentley, S.D., Chater, K.F., Cerdeño-Tárraga, A.M., Challis, G.L., Thomson, N.R., 
James, K.D., Harris, D.E., Quail, M.A., Kieser, H., Harper, D., Bateman, A., Brown, S., 
Chandra, G., Chen, C.W., Collins, M., Cronin, A., Fraser, A., Goble, A., Hidalgo, J., 
Hornsby, T., Howarth, S., Huang, C., Kieser, T., Larke, L., Murphy, L., Oliver, K., O'Neil, 
S., Rabbinowitsch, E., Rajandream, M., Rutherford, K., Rutter, S., Seeger, K., 
Saunders, D., Sharp, S., Squares, R., Squares, S., Taylor, K., Warren, T., Wietzorrek, A., 
Woodward, J., Barrell, B.G., Parkhill, J., Hopwood, D.A. 2002. Complete genome 
sequence of the model actinomycete Streptomyces coelicolor A3(2). Nature, vol. 417, 
no. 6885, pp. 141-147.  

Bhukya, H., Bhujbalrao, R., Bitra, A., Anand, R. 2014. Structural and functional basis of 
transcriptional regulation by TetR family protein CprB from S. coelicolor A3(2). Nucleic 
Acids Research, vol. 42, no. 15, pp. 10122-10133.  

Biarnes-Carrera, M., Breitling, R., Takano, E. 2015. Butyrolactone signalling circuits for 
synthetic biology. Current Opinion in Chemical Biology, vol. 28, no. 91, pp. 98.  

Bierman, M., Logan, R., O'Brien, K., Seno, E.T., Nagaraja Rao, R., Schoner, B.E. 1992. 
Plasmid cloning vectors for the conjugal transfer of DNA from Escherichia coli to 
Streptomyces spp. Gene, vol. 116, no. 1, pp. 43-49.  

Brown, K.L., Wood, S., Buttner, M.J. 1992. Isolation and characterization of the major 
vegetative RNA polymerase of Streptomyces coelicolor A3(2); renaturation of a sigma 
subunit using GroEL. Molecular Microbiology, vol. 6, no. 9, pp. 1133-1139.  

Callen, B.P., Shearwin, K.E., Egan, J.B. 2004. Transcriptional interference between 
convergent promoters caused by elongation over the promoter. Molecular Cell, vol. 14, 
no. 5, pp. 647-656.  

Challis, G.L. 2014. Exploitation of the Streptomyces coelicolor A3(2) genome sequence 
for discovery of new natural products and biosynthetic pathways. Journal of Industrial 
Microbiology & Biotechnology, vol. 41, no. 2, pp. 219-232.  

Chatterjee, A., Drews, L., Mehra, S., Takano, E., Kaznessis, Y.N., Hu, W.S. 2011. 
Convergent transcription in the butyrolactone regulon in Streptomyces coelicolor 
confers a bistable genetic switch for antibiotic biosynthesis. PLoS One, vol. 6, no. 7, pp. 
e21974.  

Chiu, J., March, P.E., Lee, R., Tillett, D. 2004. Site-directed, Ligase-Independent 
Mutagenesis (SLIM): a single-tube methodology approaching 100% efficiency in 4 h. 
Nucleic Acids Research, vol. 32, no. 21, pp. e174.  



 

86 

Chapter 2 

 D'Alia, D., Nieselt, K., Steigele, S., Muller, J., Verburg, I., Takano, E. 2010. Noncoding 
RNA of glutamine synthetase I modulates antibiotic production in Streptomyces 
coelicolor A3(2). Journal of Bacteriology, vol. 192, no. 4, pp. 1160-1164.  

Gomez-Escribano, J., Song, L., Fox, D.J., Yeo, V., Bibb, M.J., Challis, G.L. 2012. 
Structure and biosynthesis of the unusual polyketide alkaloid coelimycin P1, a 
metabolic product of the cpk gene cluster of Streptomyces coelicolor M145. Chemical 
Science, vol. 3, no. 9, pp. 2716-2720.  

Gottelt, M., Kol, S., Gomez-Escribano, J.P., Bibb, M., Takano, E. 2010. Deletion of a 
regulatory gene within the cpk gene cluster reveals novel antibacterial activity in 
Streptomyces coelicolor A3(2). Microbiology, vol. 156, no. Pt 8, pp. 2343-2353.  

Gottelt, M., Hesketh, A., Bunet, R., Puri, P., Takano, E. 2012. Characterisation of a 
natural variant of the γ-butyrolactone signalling receptor. BMC Research Notes, vol. 5, 
no. 1, pp. 379.  

Hopwood, D.A. & Wright, H.M. 1983. CDA is a new chromosomally-determined 
antibiotic from Streptomyces coelicolor A3(2). Microbiology, vol. 129, no. 12, pp. 3575-
3579.  

Hsiao, N.H., Soding, J., Linke, D., Lange, C., Hertweck, C., Wohlleben, W., Takano, E. 
2007. ScbA from Streptomyces coelicolor A3(2) has homology to fatty acid synthases 
and is able to synthesize gamma-butyrolactones. Microbiology, vol. 153, no. Pt 5, pp. 
1394-1404.  

Hsiao, N.H., Gottelt, M., Takano, E. 2009a. Regulation of antibiotic production by 
bacterial hormones. Methods in Enzymology, vol. 458, pp. 143-157.  

Hsiao, N.H., Nakayama, S., Merlo, M.E., de Vries, M., Bunet, R., Kitani, S., Nihira, T., 
Takano, E. 2009b. Analysis of two additional signaling molecules in Streptomyces 
coelicolor and the development of a butyrolactone-specific reporter system. Chemistry 
& Biology, vol. 16, no. 9, pp. 951-960.  

Ikeda, H., Ishikawa, J., Hanamoto, A., Shinose, M., Kikuchi, H., Shiba, T., Sakaki, Y., 
Hattori, M., Omura, S. 2003. Complete genome sequence and comparative analysis of 
the industrial microorganism Streptomyces avermitilis. Nature Biotechnology, vol. 21, 
no. 5, pp. 526-531.  

Kieser, T., Bibb, M.J., Buttner, M.J., Chater, K.F. & Hopwood, D.A. 2000. Practical 
Streptomyces Genetics. John Innes Foundation, Norwich, UK.  

Kotowska, M., Ciekot, J., Pawlik, K. 2014. Type II thioesterase ScoT is required for 
coelimycin production by the modular polyketide synthase Cpk of Streptomyces 
coelicolor A3(2). Acta Biochimica Polonica, vol. 61, no. 1, pp. 141-147.  

Laemmli, U.K. 1970. Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature, vol. 227, no. 5259, pp. 680-685.  

Medema, M.H., Trefzer, A., Kovalchuk, A., van den Berg, M., Muller, U., Heijne, W., 
Wu, L., Alam, M.T., Ronning, C.M., Nierman, W.C., Bovenberg, R.A.L., Breitling, R., 



 

87 

Role of ScbR in scbA expression 

Takano, E. 2010. The sequence of a 1.8-Mb bacterial linear plasmid reveals a rich 
evolutionary reservoir of secondary metabolic pathways. Genome Biology and 
Evolution, vol. 2, no. 0, pp. 212-224.  

Mehra, S., Charaniya, S., Takano, E., Hu, W.S. 2008. A bistable gene switch for 
antibiotic biosynthesis: the butyrolactone regulon in Streptomyces coelicolor. PloS One, 
vol. 3, no. 7, pp. e2724.  

Mochizuki, S., Hiratsu, K., Suwa, M., Ishii, T., Sugino, F., Yamada, K., Kinashi, H. 2003. 
The large linear plasmid pSLA2-L of Streptomyces rochei has an unusually condensed 
gene organization for secondary metabolism. Molecular Microbiology, vol. 48, no. 6, 
pp. 1501-1510.  

Nieselt, K., Battke, F., Herbig, A., Bruheim, P., Wentzel, A., Jakobsen, O.M., Sletta, H., 
Alam, M.T., Merlo, M.E., Moore, J., Omara, W.A., Morrissey, E.R., Juarez-Hermosillo, 
M.A., Rodriguez-Garcia, A., Nentwich, M., Thomas, L., Iqbal, M., Legaie, R., Gaze, 
W.H., Challis, G.L., Jansen, R.C., Dijkhuizen, L., Rand, D.A., Wild, D.L., Bonin, M., 
Reuther, J., Wohlleben, W., Smith, M.C., Burroughs, N.J., Martin, J.F., Hodgson, D.A., 
Takano, E., Breitling, R., Ellingsen, T.E., Wellington, E.M. 2010. The dynamic 
architecture of the metabolic switch in Streptomyces coelicolor. BMC Genomics, vol. 
11, pp. 10.  

Ohnishi, Y., Ishikawa, J., Hara, H., Suzuki, H., Ikenoya, M., Ikeda, H., Yamashita, A., 
Hattori, M., Horinouchi, S. 2008. Genome sequence of the streptomycin-producing 
microorganism Streptomyces griseus IFO 13350. Journal of Bacteriology, vol. 190, no. 
11, pp. 4050-4060.  

Olano, C., Garcia, I., Gonzalez, A., Rodriguez, M., Rozas, D., Rubio, J., Sanchez-
Hidalgo, M., Brana, A.F., Mendez, C., Salas, J.A. 2014. Activation and identification of 
five clusters for secondary metabolites in Streptomyces albus J1074. Microbial 
Biotechnology, vol. 7, no. 3, pp. 242-256.  

Omura, S., Ikeda, H., Ishikawa, J., Hanamoto, A., Takahashi, C., Shinose, M., 
Takahashi, Y., Horikawa, H., Nakazawa, H., Osonoe, T., Kikuchi, H., Shiba, T., Sakaki, 
Y., Hattori, M. 2001. Genome sequence of an industrial microorganism Streptomyces 
avermitilis: deducing the ability of producing secondary metabolites. Proceedings of 
the National Academy of Sciences of the United States of America, vol. 98, no. 21, pp. 
12215-12220.  

Paget, M., Chamberlin, L., Chamberlin, L., Atrih, A., Foster, S.J., Buttner, M.J. 1999. 
Evidence that the extracytoplasmic function sigma factor sigmaE is required for normal 
cell wall structure in Streptomyces coelicolor A3(2). J Bacteriol, vol. 181, no. 1, pp. 204-
211.  

Palmer, A.C., Egan, J.B., Shearwin, K.E. 2011. Transcriptional interference by RNA 
polymerase pausing and dislodgement of transcription factors Transcription, vol. 2, no. 
1, pp. 9-14.  



 

88 

Chapter 2 

 Pawlik, K., Kotowska, M., Chater, K.F., Kuczek, K., Takano, E. 2007. A cryptic type I 
polyketide synthase (cpk) gene cluster in Streptomyces coelicolor A3(2). Archives of 
Microbiology, vol. 187, no. 2, pp. 87-99.  

Redenbach, M., Kieser, H.M., Denapaite, D., Eichner, A., Cullum, J., Kinashi, H., 
Hopwood, D.A. 1996. A set of ordered cosmids and a detailed genetic and physical 
map for the 8 Mb Streptomyces coelicolor A3(2) chromosome. Molecular Microbiology, 
vol. 21, no. 1, pp. 77-96.  

Rudd, B.A.M. & Hopwood, D.A. 1980. A pigmented mycelial antibiotic in Streptomyces 
coelicolor: control by a chromosomal gene cluster. Microbiology, vol. 119, no. 2, pp. 
333-340.  

Sambrook, J., Fritsch, E.F. & Maniatis, T. 1989. Molecular cloning: a laboratory 
manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York.  

Shearwin, K.E., Callen, B.P., Egan, J.B. 2005. Transcriptional interference--a crash 
course. Trends in Genetics : TIG, vol. 21, no. 6, pp. 339-345.  

Strauch, E., Takano, E., Baylis, H.A., Bibb, M.J. 1991. The stringent response in 
Streptomyces coelicolor A3(2). Molecular Microbiology, vol. 5, no. 2, pp. 289-298.  

Takano, E., Nihira, T., Hara, Y., Jones, J.J., Gershater, C.J., Yamada, Y., Bibb, M. 2000. 
Purification and structural determination of SCB1, a gamma-butyrolactone that elicits 
antibiotic production in Streptomyces coelicolor A3(2). The Journal of Biological 
Chemistry, vol. 275, no. 15, pp. 11010-11016.  

Takano, E., Chakraburtty, R., Nihira, T., Yamada, Y., Bibb, M.J. 2001. A complex role 
for the gamma-butyrolactone SCB1 in regulating antibiotic production in Streptomyces 
coelicolor A3(2). Molecular Microbiology, vol. 41, no. 5, pp. 1015-1028.  

Takano, E., Kinoshita, H., Mersinias, V., Bucca, G., Hotchkiss, G., Nihira, T., Smith, 
C.P., Bibb, M., Wohlleben, W., Chater, K. 2005. A bacterial hormone (the SCB1) 
directly controls the expression of a pathway-specific regulatory gene in the cryptic 
type I polyketide biosynthetic gene cluster of Streptomyces coelicolor. Molecular 
Microbiology, vol. 56, no. 2, pp. 465-479.  

Takano, E. 2006. Gamma-butyrolactones: Streptomyces signalling molecules regulating 
antibiotic production and differentiation. Current Opinion in Microbiology, vol. 9, no. 3, 
pp. 287-294.  

van Wezel, G.P. & McDowall, K.J. 2011. The regulation of the secondary metabolism 
of Streptomyces: new links and experimental advances. Natural Product Reports, vol. 
28, no. 7, pp. 1311-1333.  

Wang, J., Wang, W., Wang, L., Zhang, G., Fan, K., Tan, H., Yang, K. 2011. A novel role 
of "pseudo"gamma-butyrolactone receptors in controlling gamma-butyrolactone 
biosynthesis in Streptomyces. Molecular Microbiology, vol. 82, no. 1, pp. 236-250.  

Willey, J.M. & Gaskell, A.A. 2011. Morphogenetic Signaling Molecules of the 
Streptomycetes Chemical Reviews, vol. 111, no. 1, pp. 174 <last_page> 187.  



 

89 

Role of ScbR in scbA expression 

Wright, L.F. & Hopwood, D.A. 1976a. Identification of the antibiotic determined by the 
SCP1 plasmid of Streptomyces coelicolor A3 (2). Journal of General Microbiology, vol. 
95, no. 1, pp. 96-106.  

Wright, L.F. & Hopwood, D.A. 1976b. Actinorhodin is a chromosomally-determined 
antibiotic in Streptomyces coelicolor A3(2). Journal of General Microbiology, vol. 96, 
no. 2, pp. 289-297.  

Xu, D., Seghezzi, N., Esnault, C., Virolle, M. 2010a. Repression of antibiotic production 
and sporulation in Streptomyces coelicolor by overexpression of a TetR family 
transcriptional regulator. Applied and Environmental Microbiology, vol. 76, no. 23, pp. 
7741-7753.  

Xu, G., Wang, J., Wang, L., Tian, X., Yang, H., Fan, K., Yang, K., Tan, H. 2010b. Pseudo 
gamma-butyrolactone receptors respond to antibiotic signals to coordinate antibiotic 
biosynthesis. The Journal of Biological Chemistry, vol. 285, no. 35, pp. 27440-27448.  

Yang, Y., Kim, J., Song, E., Kim, E., Oh, M., Kim, B. 2008. Finding new pathway-specific 
regulators by clustering method using threshold standard deviation based on DNA chip 
data of Streptomyces coelicolor. Applied Microbiology and Biotechnology, vol. 80, no. 
4, pp. 709-717.  

Yang, Y., Song, E., Kim, E., Lee, K., Kim, W., Park, S., Hahn, J., Kim, B. 2009. NdgR, an 
IclR-like regulator involved in amino-acid-dependent growth, quorum sensing, and 
antibiotic production in Streptomyces coelicolor. Applied Microbiology and 
Biotechnology, vol. 82, no. 3, pp. 501-511.  

Yang, Y., Song, E., Kim, J., Lee, B., Kim, E., Park, S., Kim, W., Park, H., Jeon, J., Rajesh, 
T., Kim, Y., Kim, B. 2012. Characterization of a new ScbR-like gamma-butyrolactone 
binding regulator (SlbR) in Streptomyces coelicolor. Applied Microbiology and 
Biotechnology, vol. 96, no. 1, pp. 113-121.  

 

  



 

90 

Chapter 2 

  



 

 

Chapter 3 

Identification and characterisation of 

enzymes involved in γ-butyrolactone 

biosynthesis in Streptomyces coelicolor 

 

Lara Martin-Sanchez1, Subramaniyan Mannathan2, Chang-Kwon Lee3, 

Maria Elena Merlo1, Xiang-Feng Meng1, Takuya Nihira3, Eriko Takano1,4, 

Adriaan J. Minnaard2, Lubbert Dijkhuizen1, Mirjan Petrusma1 

 

1
Microbial Physiology, Groningen Biomolecular Sciences and Biotechnology Institute 

(GBB), University of Groningen, Nijenborgh 7, 9747AG Groningen, The Netherlands 

2
Bio-organic Chemistry, Stratingh Institute for Chemistry, University of Groningen, 

Nijenborgh 7, 9747AG Groningen, The Netherlands 

3
International Center for Biotechnology, Osaka University, 2-1 Yamadaoka, Suita, 

Osaka 565-0871, Japan 

4
Present address: Faculty of Life Sciences, Manchester Institute of Biotechnology, 

University of Manchester, 131 Princess Street, Manchester M1 7DN, United Kingdom 

 

To be submitted for publication 

  



 

92 

Chapter 3 

 Abstract 
In streptomycetes, the γ-butyrolactone signalling molecules and biosynthetic 

enzymes are essential for the regulation of antibiotic production. In 

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

coelicolor γ-butyrolactones), catalysing the first step in the biosynthetic 

pathway. In this study we provide evidence for the physiological roles of ScbB 

(putative ketoreductase) and ScbC (putative oxidoreductase), two proteins 

that we show to be essential for the biosynthesis of SCBs. Deletion of their 

encoding genes from the S. coelicolor chromosome resulted in mutants unable 

to produce the signalling molecules. Our data show that ScbB is a 

ketoreductase that catalyses the reduction of the keto-group in 6-dehydro 

SCBs to yield SCBs, which is thought to be the last step in the biosynthetic 

pathway. Gene expression analyses showed that scbC is organized in an 

operon together with scbA. The scbC gene deletion mutant differed from the 

wild type strain in the production of the antibiotics actinorhodin, 

undecylprodigiosin and coelimycin, and was similar to an scbA mutant in this 

respect. This paper provides important new insights into the enzymes and 

intermediates involved in biosynthesis of SCBs in S. coelicolor.  
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Introduction 
The genus Streptomyces is characterised by its remarkable ability to produce a 

large variety of secondary metabolites, such as anti-tumour agents, 

immunosuppressants, and antibiotics. Streptomycetes are in fact one of the 

main sources of antibiotics of natural origin used in medicine (Kieser et al., 

2000).  

Antibiotic production in Streptomyces is regulated by signalling molecules 

called γ-butyrolactones. These signalling molecules are widely distributed 

within the Streptomyces genus (Yamada, 1999, Bibb, 2005, Takano, 2006). 

Three types of γ-butyrolactone structures have been described to date, which 

share a 2,3 disubstituted γ-butyrolactone skeleton with trans configuration: A-

factor (1) type from Streptomyces griseus, with a 3R configuration and 

containing a keto group at carbon 6 (also named C 1’ in some publications) 

(Khokhlov, 1980, Mori, 1983); IM-2 (2) type from Streptomyces lavendulae, 

with a 2R, 3R configuration and a hydroxyl group at C6 with an R configuration 

(Sato et al., 1989, Mizuno et al., 1994); and VB type, or Virginiae Butanolides 

(3), from Streptomyces virginiae and Streptomyces antibioticus, with a 2R, 3R 

configuration and a hydroxyl group at C6 with an S configuration (Yamada et 

al., 1987, Kondo et al., 1989) (Figure 1). The structures of all 15 characterised 

γ-butyrolactone molecules reported to date can be classified in one of these 

three types and differ in the length and branching of the side chain (Khokhlov, 

1980, Gräfe et al., 1982, Gräfe et al., 1983, Mori, 1983, Yamada et al., 1987, 

Kondo et al., 1989, Sato et al., 1989, Mizuno et al., 1994, Takano et al., 2000, 

Hsiao et al., 2009b, Zou et al., 2014).  

The first biosynthetic pathway proposed for a γ-butyrolactone was for VBs (3) 

in the VBs overproducing S. antibioticus (Sakuda et al., 1992). On the basis of 

results of feeding experiments with labelled precursors, Sakuda and colleagues 

proposed the condensation of a β-keto acid derivative and a C3 unit derived 

from glycerol as key step in the biosynthesis of these VB molecules. 

Subsequent steps in the biosynthesis involved removal of the phosphate group 

from the β-keto ester, followed by a non-enzymatic intramolecular aldol 

condensation to obtain the butanolide. This butanolide is then reduced by a 

reductase to give the A-factor-type compound (or 6-dehydro-VBs). Finally, the 

keto group is reduced to a hydroxyl group by an alcohol dehydrogenase (Figure 

2, Pathway A) (Sakuda et al., 1992, Sakuda et al., 1993). The enzyme catalysing 
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Figure 1. Structures of Streptomyces γ-butyrolactones. Representatives of the three 
types of γ-butyrolactone structures (1–3) are shown on top. The structures of the 
characterised γ-butyrolactones from S. coelicolor (SCBs), that present an IM-2 
configuration, are shown at the bottom (4–6). 

this last reaction, 6-dehydro-VB-A reductase, has been characterised in S. 

antibioticus (Shikura et al., 1999). In fact, at least two different stereospecific 

6-dehydro VB-A reductases were found in cell-free extracts of S. antibioticus 

that allow this organism to also produce a small amount of IM-2 (2) type 

compounds (Shikura et al., 2000). However, the genes encoding for these 

enzymes have not been identified. In S. virginiae, the original producer of VBs, 

the reduction of 6-dehydro-VB-A to VB-A was reported to be catalysed by the 

product of the gene barS1. Characterisation of BarS1 showed that this enzyme 

is stereospecific and can only use 6-dehydro butyrolactones in 3R configuration 

as a substrate, to yield the optically pure (2R, 3R, 6S)-VBs (Shikura et al., 2002).  

The most studied γ-butyrolactone in Streptomyces is A-factor (1) in S. griseus. 

The A-factor biosynthetic pathway has been described in detail and some of 

the catalysing enzymes have been characterised (Kato et al., 2007). AfsA is the 

key enzyme for A-factor synthesis, and was reported to catalyse the 

condensation of dihydroxyacetone phosphate (DHAP) (from glycerol 

metabolism) with a fatty acid derivative to produce a fatty acid ester that is 

non-enzymatically converted to a butenolide phosphate by an intramolecular 

aldol condensation. This compound is reduced by the oxidoreductase BprA, 

followed by removal of the phosphate group by a phosphatase to give A-factor 

(Figure 2, Pathway B). Although this is the major A-factor biosynthetic pathway 
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in S. griseus, A-factor can also be synthesised through an alternative route, 

which corresponds to the biosynthetic route for VBs described by Sakuda, 1993 

(Figure 2, Pathway A) (Kato et al., 2007).  

The γ-butyrolactones in S. coelicolor are known as SCBs (S. coelicolor 

Butyrolactones). Three of these SCBs have been characterised; SCB1 (4), SCB2 

(5), and SCB3 (6) (Figure 1) (Takano et al., 2000, Hsiao et al., 2009b). They all 

share an IM-2 (2) configuration and differ in the length and branching of the 

side chain (Figure 1). ScbA is a homologue of AfsA that has been reported to be 

the key enzyme in the biosynthesis of these compounds (Hsiao et al., 2007). 

ScbA shares 66% amino acid identity with AfsA and thus is thought to catalyse 

the first condensation step in the biosynthesis of the SCBs (Hsiao et al., 2007). 

Two other genes located in the vicinity of scbA encode a short chain alcohol 

dehydrogenase (scbB; sco6264) and a reductase (scbC; sco6267) (Figure 3). 

ScbB shares 67% amino acid identity with ScgX from S. chattanoogensis and 

71% with JadW3 of S. venezuelae. Both proteins were reported to be involved 

in the biosynthesis of γ-butyrolactones in their respective strains, since gene 

deletion mutants of these strains were unable to produce these signalling 

molecules (Du et al., 2011, Zou et al., 2014). Furthermore, ScbB also has 32% 

amino acid identity with BarS1 from S. virginiae which was reported to catalyse 

the reduction of 6-dehydro-VBs into the VBs (Shikura et al., 2002). It thus 

appears likely that ScbB is catalysing the reduction of the 6-keto group of the 

6-dehydro-SCBs (1, 8, 9) (Figure 2) in the biosynthesis of the signalling 

molecules in S. coelicolor (4, 5, 6) (Figure 1). ScbC shares 76% amino acid 

identity with BprA from S. griseus (Kato et al., 2007), thus it is likely to carry 

out the reduction of the butenolide phosphate (7) to yield the intermediate 

compound that will be subsequently dephosphorylated to yield A-factor (1) 

(Figure 2). Homologues of ScbB and ScbC are encoded in the γ-butyrolactone 

gene clusters of other Streptomyces species (Figure 3). Genes encoding 

proteins involved in γ-butyrolactone synthesis are always clustered together, 

although the gene organisation differs depending on the Streptomyces species. 

In several cases scbC homologues are located immediately adjacent to genes 

encoding the key biosynthetic enzymes, the ScbA homologues (Shikura et al., 

2002, Takano et al., 2005, Kato et al., 2007, Zou et al., 2014, Mingyar et al., 

2015), while location of scbB homologues is more variable (Lee et al., 2005, 

Kitani et al., 2008a, Kitani et al., 2008b, Du et al., 2011, Xie et al., 2012).  
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ScbR is the SCB receptor protein in S. coelicolor. The scbR gene lies adjacent 

and divergent from the scbA gene. In other Streptomyces species, genes 

encoding for the γ-butyrolactone receptor proteins are also in most cases 

located in the vicinity of the γ-butyrolactone synthesis genes, except for ArpA, 

receptor of A-factor in S. griseus, which is located away from AfsA, in a 

different region of the chromosome.  
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Figure 2. Proposed SCB biosynthesis pathway in S. coelicolor. Based on the γ-

butyrolactone biosynthetic pathways described in S. griseus and S. antibioticus (Sakuda 

et al., 1993, Kato et al., 2007). The proposed steps catalysed by ScbB and ScbC are 

indicated. 
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Figure 3. Organisation of the γ-butyrolactone gene clusters in different Streptomyces 
species. Genes encoding for proteins involved in γ-butyrolactone synthesis or 
recognition are generally clustered together, although the gene organisation varies. 
Dark blue arrows represent the genes encoding butyrolactone synthesis key enzymes 
(scbA homologues); scbC homologues are depicted as light blue arrows; green arrows 
correspond to scbB homologues; butyrolactone receptors and regulators are shown as 
grey arrows.  

The SCB system is tightly regulated at the transcriptional level ((Takano et al., 

2001) and Chapter 2). ScbR, the SCB receptor protein, is an autoregulatory 

protein that represses transcription of its own scbR gene by binding to a site in 

the DNA upstream of its promoter region. The repression by ScbR of its own 

gene’s transcription is prevented by the SCBs. These signalling molecules bind 

to ScbR, preventing this protein from occupying its DNA binding site (Takano et 

al., 2001). ScbR is also involved in controlling the expression of the scbA gene 

in a growth phase-dependent manner. It represses scbA transcription in the 

exponential phase of growth by binding to the DNA in the promoter region of 

scbA, but it also induces scbA expression in the transition phase aided by an 

additional unknown factor (Chapter 2). In fact, several proteins have been 

reported to bind to the promoter region of scbA that could be aiding ScbR in 

controlling the expression of scbA (Yang et al., 2009, Xu et al., 2010, van Wezel 
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et al., 2011, Wang et al., 2011). The scbR gene clusters together with scbA, 

scbB and scbC (see Figure 3). While ScbA and ScbR are tightly co-regulated, it is 

yet unknown whether one or both of these proteins also affect expression of 

scbB and scbC. Furthermore, ScbR affects indirectly the production of the 

antibiotics actinorhodin (Act) and undecylprodigiosin (Red) and directly 

regulates the synthesis of the antibiotic coelimycin A and the yellow pigments 

coelimycin P1 and P2 (Gomez-Escribano et al., 2012, Challis, 2014). It represses 

the expression of the cluster activator protein CpkO, by binding to the DNA in 

its promoter region. This repression is also prevented by the presence of SCBs 

(Takano et al., 2005). 

In this work the roles of ScbB and ScbC in the biosynthesis of SCBs have been 

investigated. Deletion of their encoding genes revealed that these two 

proteins are essential for SCB biosynthesis. Gene expression analyses of scbB 

and scbC were performed by quantitative reverse transcription PCR to study 

their transcription regulation. The role of ScbB in SCB biosynthesis was further 

assessed by enzymatic assays using His-tagged purified protein and chemically 

synthesised substrates. LC/MS analyses of the substrates and products in these 

assays demonstrated the ability of ScbB to catalyse the reduction of A-factor-

type compounds (6-dehydro-SCBs, 1 (A-factor), 8) into SCBs, which 

corresponds to the last reduction step in the proposed biosynthetic pathway 

(Figure 2).  
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 Materials and methods 

Strains and growth conditions 

S. coelicolor strains were grown and manipulated as previously described 

(Kieser et al., 2000). E. coli strains were handled as described in Sambrook, et 

al. (1989). SFM solid medium was used to grow Streptomyces strains to 

observe morphological differentiation, to plate out conjugations and to 

prepare spore stocks (Kieser et al., 2000).  

Time-series experiments 

S. coelicolor M145 (wild type), M751 (ΔscbA) and M752 (ΔscbR) were grown in 

50 ml of SMM liquid medium (3.45 x 108 spores) and incubated at 30°C and 

220 rpm. Optical density at 450 nm (OD450) was measured every hour from 16 

to 26 h and at 42 h of incubation. Samples for RNA were collected at OD450 

corresponding to different phases of growth. These experiments were 

performed in duplicate to ensure reproducibility of the results. The samples 

obtained were also used to analyse gene expression in Chapter 2. 

Construction of scbB and scbC deletion mutants and complementation 

To construct a deletion mutant of scbB, A 3.6 kb SalI-SphI fragment containing 

scbB (sco6264) was subcloned into pUC19 to generate pCK1. pCK1 was 

digested with HincII and then 1.1 kb of thiostrepton-resistance gene (tsr) was 

inserted.  The construct was confirmed to have the desired deletion by DNA 

sequencing and restriction enzyme digestion.  From the resulting plasmid, the 

BamHI-HindIII fragment was subcloned into the BamHI-HindIII-digested 

conjugative vector pKC1132 to generate pCK2.  The plasmid pCK2 was 

transferred into S.coelicolor by conjugation via E. coli donor ET12567 

(pUZ8002) to generate the scbB mutant strain (ΔscbB). A deletion mutant of 

scbC (sco6267) was constructed by replacing part of the scbC coding region  

with an apramycin resistance gene. Both the scbB and scbC deletion mutants 

have been verified by sequencing.   

Complementation of ΔscbB and ΔscbC was achieved by replacing the disrupted 

genes with a wild type copy of the genes by double cross over recombination. 

With that purpose the plasmid pTE33 was constructed that contains a 7.5 kb 

DNA fragment that includes genes sco6263 to sco6269 flanking the scbA/scbR 
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region, cloned in the conjugative vector pKC1132 (Bierman et al., 1992). The 

7.5 kb fragment in this plasmid was obtained from two other plasmids, 

pIJ6111, harbouring a 4.5 kb DNA fragment including genes from sco6263 until 

approximately the 5’ end of sco6266 (scbA), and pIJ6114, harbouring the 

adjacent 3 kb DNA fragment including the end of scbA and genes sco6267-

sco6269 (Takano et al., 2001). First, pIJ6114 was digested with BamHI and 

XmnI to yield a fragment of 3 kb. This BamHI-XmnI DNA fragment was ligated 

to pCR-BluntII-TOPO digested with BamHI and EcoRV, and the resulting vector 

was called pTE31. pIJ6111 was then digested with BamHI, and the 4.5 kb DNA 

fragment obtained was isolated and ligated to pTE31 digested with BamHI. 

Plasmids with the 4.5 kb fragment inserted in the right orientation were 

screened by restriction digestion profiling. The resulting plasmid (pTE32) 

contains the 7.5 kb fragment containing scbA and scbR. pTE32 was digested 

with HindIII and XbaI to isolate the 7.5 kb fragment and it was ligated to 

pKC1132, a suicide vector for conjugation between E. coli and Streptomyces, to 

yield pTE33. The complete 7.5 kb DNA fragment included in this plasmid was 

sequenced to confirm the absence of mutations. Plasmid pTE36 was 

constructed by removing the EcoRV-NdeI fragment from the insert containing 

the S. coelicolor genomic fragment in pTE33 (HindIII-XbaI 7.5 kb DNA fragment 

cloned in pKC1132) thus leaving a DNA fragment that included genes sco6263 to 

sco6266. Plasmid pTE38 was constructed by removing the BstBI-HindIII 

fragment from pTE33 (thus containing a DNA fragment including genes 

sco6266 to sco6269), and harbours the 1.6 kb XmnI fragment including the 

kanamycin resistance gene from pTE71. All plasmids used in this work are 

listed in Table S2. Both plasmids pTE36 and pTE38 were used to transform E. 

coli ET12567/pUZ8002 and transferred to ΔscbB and ΔscbC respectively by 

conjugation. Double cross-over recombinants were screened for after two 

rounds of growth in non-selective media of a single cross-over exconjugant. 

The phenotype of both complementation strains was then analysed.  

Phenotype analyses on solid media 

R2, SMMS (Kieser et al., 2000) and Modified SMMS (MSMMS) (Gottelt et al., 

2010) were used to observe the production of the antibiotics Act and Red, and 

coelimycin P2, respectively, in the different strains. Of each strain, 1∙108 spores 

were streaked out on the different solid media, and growth and pigment 

production were documented at different phases of growth.  
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 Kanamycin bioassay 

The ability of the strains to produce γ-butyrolactones was assessed with the 

kanamycin bioassay (Hsiao et al., 2009b). This assay allows the detection of γ-

butyrolactones in extracts of cultures of the different strains. The reporter 

strain LW146/pTE143 carries a plasmid with a kanamycin resistance gene 

under the control of the cpkO promoter. The kanamycin resistance is only 

activated when γ-butyrolactones are present and prevent the repression over 

the cpkO promoter. 

To prepare the extracts, 1.3∙109 spores of the wild type strain M145, ΔscbB, 

ΔscbC, ΔscbA (M751) and ΔscbR (M752) were inoculated in 10 SMMS agar 

plates (12 x 12 cm) and were incubated at 30°C for 3 days. The extracts were 

obtained from the agar with ethyl acetate, dried and resuspended in 100 µl 

methanol. Of these extracts, 4 µl were spotted onto DNA agar plates 

containing 4.5 μg/ml kanamycin inoculated with confluent lawns of the 

reporter strain LW16/pTE134 (2.6 x 106 spores). The plates were incubated at 

30°C for 2 days (Hsiao et al., 2009a). This assay was performed in three 

biological replicates.  

Gene expression analyses by quantitative reverse transcription (qRT) 
and reverse transcription (RT) PCR  

RNA from the wild type strain M145, the scbA deletion mutant (M751) and the 

scbR deletion mutant (M752) was isolated as described in (Kieser et al., 2000) 

(see Time-series experiments section). For each sample, 10 µg of RNA were 

treated with 10 U of DNAseI (Roche) to remove the remaining DNA. RNA 

integrity and lack of DNA was assessed by electrophoresis in an agarose gel 

and by PCR, and its concentration measured using a nanodrop 

spectrophotometer (Thermo Scientific). To synthesize random-primed cDNA 2 

μg of RNA were used as previously described (Gottelt et al., 2010). Gene 

expression analyses were performed by qRT-PCR using the BioRad CFX96 Real 

Time PCR Detection System in a reaction volume of 12 μl, using IQ-SYBR-Green 

Supermix (BioRad), 33.33 ng of cDNA and 5 pmol of each primer. The PCR 

reaction conditions were as follows: denaturation at 95°C for 3 min, then 40 

cycles of denaturation at 95°C for 10 s and annealing at 60°C for 30 s, followed 

by a melt curve that includes a step at 95°C for 10 s and a 0.5°C increasing 

temperature gradient from 65° to 95° in intervals of 5 s. The expression data 
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were analysed with the BioRad CFX Manager 2.0. Relative quantification of 

gene expression levels is shown as fold-change relative to the wild type M145 

sample at exponential phase. The hrdB gene, encoding for the RNA polymerase 

main sigma factor, was used as reference gene, and the expression data for all 

the samples was normalized to its mRNA levels. All samples were run in 

triplicate. The same wild type RNA was used to perform RT-PCR. To synthesise 

random primed-cDNA, 2 µg of RNA were used and the PCR reaction conditions 

were as follows: Initial denaturation step at 95°C for 5 min; 30 cycles of 

denaturation at 95°C for 40 s, annealing at 60°C for 40 s and elongation at 72°C 

for 40 s; final elongation step at 72°C for 10 min. The hrdB gene was used as 

reference, and genomic DNA from the wild type strain M145 was used as 

positive control. Primers used are listed in Table S1. This experiment was 

performed on two biological replicates.  

Chemical synthesis of SCBs and 6-dehydro-SCBs (A-factor compounds) 

The procedure followed for the chemical synthesis and the characterization of 

the products is described in the Supplementary Material. 

Analyses of SCB metabolites by LC/MS  

The ethyl acetate extracts used for the kanamycin assays of the wild type 

strain M145, and the mutant strains ΔscbA (M751), ΔscbB, and ΔscbC, were 

analysed by liquid chromatography (LC) on-line coupled to an Exactive 

Orbitrap-MS (Thermo Scientific Corporation). Chemically synthesized SCB1 

(SCB1-IM-2) (4a), SCB1 stereoisomer in VB configuration (SCB1-VB, 4b), SCB2  

(SCB2-IM-2) (5a), SCB2 stereoisomer in VB configuration (SCB2-VB, 5b), 6-

dehydro-SCB1 (A-factor) (1) and 6-dehydro-SCB2 (8), (100 ng/μl) were used as 

reference standards (Scheme 1), and wild type strain M145 and ΔscbA ethyl 

acetate extracts were injected as controls. The system was operated with an 

electrospray ionization source in positive mode (to detect the SCBs) and in 

negative mode (to detect the 6-dehydro SCBs). LC conditions were as follows: 

the column was a Reversed Phase C18 column (Shim-pack XR-ODS, Shimadzu, 

3 μm, 75 μm i.d. x 15 cm). For the analysis of the SCBs and the activity assays 

mixtures the mobile phases consisted of A (0.1% (v/v) Formic Acid in Water) 

and B (0.1% (v/v) Formic Acid in Acetonitrile). The gradient elution (24 min in 

total) started with 30% B at 1 min, 50% B at 22 min, 50% B hold for 1 min and 

back to initial phase 30% B at 24 min; flow rate 600 μl/min; MS mass detection 
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range 80-800 Da. For the search of the pathway intermediates the mobile 

phases consisted of A (Water) and B (Acetonitrile). The gradient elution 

(18 min in total) started with 2% B at 2 min, 95% B at 10 min, 95% B hold for 

2 min and back to initial phase 2% B until 18 min; flow rate 600 μl/min; MS 

mass detection range 80–1500 Da. All solvents were LC-MS grade (Biosolve). 1 

μl of the reference standards and 5 μl of the ethyl acetate extracts were 

injected. 3 technical replicates were run for each sample. Data analysis was 

done using the Xcalibur software (Thermo Fisher Scientific).  

Heterologous expression and purification of ScbB 

scbB (sco6264) was amplified by PCR (High Fidelity polymerase, Thermo 

Scientific) from genomic DNA of S. coelicolor A3(2) with the gene specific 

primers scbB-NdeI-F and scbB-BamHI-R (Table S1). The gene was cloned into 

the EcoRV site of pBluescript-KS(II) (Stratagene) and then subcloned into NdeI 

and BamHI sites of pET15b (Novagen). The scbB expression construct was 

transformed into E. coli Bl21(DE3) (Invitrogen). Cultures were grown in Luria-

Bertani (LB) broth at 37C (220 rpm) to an OD600 ~1.0. 0.5 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) was added to induce expression of scbB. The 

culture was further incubated at 18C, 220 rpm, for ~21 h. Cells were lysed by 

sonication in Tris 50 mM pH 6.5 with 500 mM NaCl, 5 mM imidazole, 5% 

glycerol and protease inhibitor (Roche) (lysis solution) and centrifuged at 

20000xg for 25 min at 4C. Cell free extract (CFE) was loaded on a Ni-NTA 

column (Sigma-Aldrich) and washed with lysis solution without protease 

inhibitor (wash solution), wash solution with 1 M NaCl and without imidazole, 

wash solution with 15 mM imidazole and with 30 mM imidazole. ScbB was 

eluted from the column with elution solution containing 150 mM imidazole. 2 

mM EDTA was added to the elution fractions. The purified protein was 

analysed by 10% (w/v) SDS-polyacrylamide gel electrophoresis (SDS-PAGE). 1 

liter of culture yielded ~15-20 mg of purified His-ScbB. Purified enzyme was 

stored at –80C.   

Enzymatic assays 

The ScbB activity assay mixture (500 μl) consisted of Tris 50 mM pH 7.0, 100 

μM NADPH, 75-300 μg purified His-ScbB protein, 125 μM 6-dehydro-SCB1 (A-

factor, 1) or 6-dehydro-SCB2 (8) (dissolved in 10 μl methanol). NADPH 

consumption was followed at 340 nm. Measurements were performed at 
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room temperature. Activity assays were left overnight at RT and extracted with 

ethyl acetate. After evaporation the samples were resuspended in methanol, 

and product formation was analysed by LC-MS (see LC/MS analysis section).  
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 Results 

Chemical synthesis of SCB1 and SCB2 

 

SCB1 and SCB2 were synthesized according to Scheme 1. According to the 

work of Zhang and Lu, the palladium-catalyzed cyclization of enyne 10 gave 

lactone 11, which was converted to 12 by successive oxidation and reduction 

(Zhang et al., 2000, Zhang et al., 2001). A-factor 1 and 6-dehydro SCB2 8 were 

prepared by deacetylation of 12 in the presence of DMAP (dimethylamino 

pyridine) in methanol. Finally, a stereoselective reduction of 1 and 8 using 

(S,S)-Ru(p-cymene)[Ts-DPHEN] as the catalyst and Et3N/HCO2H as the 

reductant afforded a mixture of two diastereomers for both 4 and 5 (Elsner et 

al., 2008).  

The structures of 4a, 5a, 4b, and 5b were thoroughly characterized by 1H-, and 
13C-NMR spectroscopy and mass spectrometry, as well as compared with the 

reported NMR spectra of natural SCB1 and SCB2 (Takano et al., 2000, Hsiao et 

al., 2009b). The large coupling constant of 9.4 Hz between H-2 and H-3 in 4a 

and 5a clearly indicated the IM-2-type stereochemistry (Sato et al., 1989, 

Takano et al., 2000), which is identical to that in natural SCB1-IM-2 (J2,3 = 9.5 

Hz) (Sato et al., 1989) and SCB2-IM-2 (J2,3 = 9.2 Hz) (Takano et al., 2000). On the 

other hand, the relatively small coupling constant (7.3 Hz) between H-2 and H-
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3 in 4b and 5b points to the VB-type stereochemistry (Sakuda et al., 1991, 

Elsner et al., 2008).  

The group of Jørgensen has shown, in closely related substrates possessing a 

CH2NO2 substituent instead of a CH2OH substituent, that the Noyori reduction 

is largely catalyst controlled (Elsner et al., 2008). Based on this, we assume that 

the stereochemistry of the 6-hydroxyl group in the products is R. This leads to 

the stereochemistry of the products as shown in Scheme 1, namely (2R,3R,6R)-

SCB1-IM-2 (4a), (2R,3R,6R)-SCB2-IM-2 (5a), (2S,3S,6R)-SCB1-VB (4b), and 

(2S,3S,6R)-SCB2-VB (5b). The stereochemistry of 4a and 5a corresponds to the 

natural configuration, and the stereochemistry of 4b and 5b is enantiomeric 

with that of the natural products. 

Construction of scbB and scbC deletion mutants and complementation 

The scbB and scbC deletion mutants were constructed by replacing the genes 

with a thiostrepton resistance gene and an apramycin resistance gene, 

respectively. These mutant strains were not affected in growth. 

Complementation of these strains was performed by inserting a wild type copy 

of the genes to replace the disrupted genes by double cross over 

recombination. Complementation restored the phenotype of the mutants to 

that of the wild type.  

Inability of scbB and scbC deletion mutants to produce γ-
butyrolactones  

The ability of the scbB and scbC deletion mutants to produce SCBs was 

assessed, and compared to that of the S. coelicolor strains M145 (wild type) 

and the scbA deletion mutant. For this purpose, ethyl acetate extracts from 

cultures on SMMS solid media of these strains were tested with the kanamycin 

assay (Hsiao et al., 2009b) and analysed by LC/MS.  

Extracts of the ΔscbB and ΔscbC (and ΔscbA) cultures failed to activate the 

growth of the reporter strain used in the kanamycin assay, which indicates the 

absence of SCBs, and suggest that these mutants do not produce SCBs. The 

extract from the wild type strain M145 was able to induce growth of the 

reporter strain in this assay (Figure 4). Extracts from the complementation 

mutant strains also induced the growth of the reporter strain which indicates 
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that these extracts contained SCBs and that the complementation strains 

recovered the ability to produce the signalling molecules (Figure 4).   

 

 

Figure 4. Kanamycin bioassay for detection of SCBs in the ΔscbB, ΔscbC and 
complementation mutants. Ethyl acetate extracts were obtained from cultures on 
SMMS plates of the wild type strain M145, ΔscbA, ΔscbB, ΔscbC, and the 
complementation mutants ΔscbB + scbB and ΔscbC + scbC and tested with the 
kanamycin bioassay. A halo of growth of the reporter strain indicates the presence of 
γ-butyrolactones in the extracts. Methanol was used as a negative control.  

 

To confirm the absence of SCBs in the extracts from the scbB and scbC deletion 

mutants, these extracts were also analysed by LC/MS. The chromatograms 

obtained for the ΔscbB and ΔscbC extracts were compared with the chemically 

synthesised standards for SCB1 (4a) and SCB2 (5a), as well as with extracts 

from the wild type strain M145. While chromatographic peaks corresponding 

to SCB1 and SCB2 were detected for the wild type extract, no chromatographic 

peaks corresponding to these SCBs was detected for the ΔscbB and ΔscbC 

mutants (Figure 5). The results thus indicate that these mutant strains are not 

producing SCBs, and therefore confirm that both the ScbB and ScbC proteins 

are essential for the biosynthesis of these signalling molecules.  
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Figure 5. LC-MS detection of SCB1 and SCB2 in the M145 wild type strain and the 
deletion mutants ΔscbA, ΔscbB and ΔscbC. Extracted ion chromatograms (mass range 
245.1740-245.1760 Da) of the chemically synthesised standards show elution at 4.79 
min for SCB1 and 5.19 min for SCB2, respectively. SCB1 and SCB2 are detected at 
similar retention time in the wild type M145 extract while no corresponding peaks are 
detected in the deletion strains ΔscbA (M751), ΔscbB and ΔscbC. NL, normalized levels, 
indicates the intensity of the peaks. Mass spectra are shown in Figure S1.  

Phenotype of scbB and scbC deletion mutants on solid media 

The ΔscbB and ΔscbC mutant strains were grown on different solid media to 

compare their antibiotic production to the wild type strain M145 and to the 

scbA deletion mutant M751. All mutant strains grew and sporulated normally 

in these media, comparable to the M145 wild type strain. The production of 

the coelimycins was detected by appearance of a yellow coloration on MSMMS 

agar plates (that contains glutamate), corresponding to coelimycin P2, a yellow 

pigmented product of the biosynthetic pathway for coelimycin A (Gomez-

Escribano et al., 2012, Challis, 2014) (Figure 6). Act and Red production was 

observed on R2 and SMMS media by the presence of a blue and red coloration 

on the plates, respectively.  

Both deletion mutants were unable to produce the yellow pigment 

corresponding to coelimycin P2. This phenotype was also observed for the 

ΔscbA strain (Gottelt et al., 2010). The ΔscbC mutant strain showed an early 

Red and Act production compared to the wild type, which is the same 

phenotype as observed for ΔscbA (Figure 6).  
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Figure 6. Analysis of the antibiotic phenotypes of the ΔscbB and ΔscbC and 
complementation mutants grown on solid media at different times, compared to the 
S. coelicolor strain M145 (wild type) and ΔscbA deletion mutant (M751). In MSMMS 
medium a yellow pigmentation indicates the production of coelimycin P2; in R2 
medium production of actinorhodin is shown as a blue colouration; in SMMS medium 
the production of undecylprodigiosin appears as a pink/purple colouration.   
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The scbA and scbC genes constitute an operon  

The scbC gene is located adjacent to the scbA gene (Figure 3). Previous studies 

suggested that these genes are organised in an operon and transcribed 

together (Nieselt et al., 2010, D'Alia et al., 2011). To analyse whether these 

genes are indeed co-transcribed in a single mRNA molecule, RT-PCR analyses 

were performed using RNA samples from exponential, transition and 

stationary phases of growth in SMM medium of the wild type strain M145.  

cDNA was amplified with a pair of primers annealing at the 3’ end of scbA and 

at the 5’ end of scbC. Agarose gel electrophoresis showed band sizes indicating 

the presence of transcript in the scbA/scbC intergenic region (Figure 7, A). This 

confirms that these genes are transcribed together in a single mRNA molecule, 

and are therefore organised in an operon.  

The sequence upstream from scbC was analysed in silico. A 17-nt inverted 

repeat was found downstream of the 3´ end of scbA that is predicted to form a 

stem-loop. No sequence similar to the –10,–35 consensus for the binding of 

the main sigma factor in Streptomyces was found, indicating the absence of a 

promoter upstream of scbC. This region also lacked a sequence that resembled 

the ScbR binding consensus sequence, which suggests that ScbR is not directly 

controlling the expression of this scbC gene (Figure 7, B).  

 

Figure 7. A, RT-PCR analysis of the intergenic region between scbA and scbC. M, 
molecular weight marker, numbers on the left indicate bp; g, genomic DNA; E, T, S, 
cDNA from different phases of growth in SMM medium (E, exponential, T, transition, S, 
stationary). Arrows indicate the amplification products for hrdB (expected size 550 bp) 
and for the scbA-scbC intergenic region (expected size 393 bp). B, Intergenic region 
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 between scbA and scbC genes. Grey shaded areas indicate the location of the primers 
used for the RT-PCR. The dashed line indicates the location of the stem loop and the 
arrows show the inverted repeats.  

Gene expression analyses of scbB and scbC in the wild type strain, and 
the scbA and scbR deletion mutants 

The expression profiles of scbA, scbB, and scbC were studied in the M145 wild 

type strain, as well as in the scbA and scbR deletion mutants by qRT-PCR 

experiments. RNA samples from different phases of growth were used to study 

differences in gene expression in time.  

In the wild type strain M145, expression levels of scbA showed a fast and 

strong increase in transition phase of growth. In contrast, in the scbA and scbR 

deletion mutants, levels of scbA transcripts were remarkably reduced in 

comparison with the wild type strain. This suggests that the presence of both 

ScbA and ScbR are necessary for the induction of expression of the scbA gene. 

Levels of scbB expression in the wild type strain M145 were induced in early 

transition phase and decreased in late transition phase (Figure 8). No major 

differences were observed in scbB expression for the scbR and scbA deletion 

mutants (Figure 8). These results indicate that the expression of scbB is not 

affected by the absence of ScbA or ScbR.  

Expression of scbC in the wild type strain showed a temporal profile similar to 

that observed for scbA: a large increase in scbC expression in mid-transition 

phase was observed, followed by a quick decrease in late transition phase 

(Figure 8). This is in agreement with the finding that the scbA and scbC genes 

constitute an operon. The expression profiles of scbC in the scbA and scbR 

deletion mutants differ considerably in comparison with the wild type strain. A 

strong increase in scbC expression in exponential phase is observed for the 

scbA deletion mutant strain, while the expression of scbA was considerably 

reduced. Since these two genes are organised in an operon, this suggests that 

scbC gene expression is controlled by other factors as well. In the scbR deletion 

mutant, an overall reduction in the levels of scbC expression is observed. 

Transcription of scbC, as well as transcription of scbA, appears to be dependent 

on ScbR, which again agrees with the observation that both genes are 

organised in an operon.   
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Low amounts of 6-dehydro SCB1 (1) and 6-dehydro SCB2 (8) are 
detected in extracts of the wild type strain 

To assess the functions of the ScbA, ScbB and ScbC proteins in the SCB 

biosynthetic pathway, ethyl acetate extracts of SMMS solid cultures of the 

ΔscbA (M751), ΔscbB and ΔscbC mutant strains, and wild type strain M145, 

were analysed by LC/MS for accumulation of pathway intermediates.  

6-Dehydro SCB1 (1) and 6-dehydro SCB2 (8) were detected in extracts of the 

wild type strain by comparing the chromatographic peaks and their mass 

spectra with those obtained for the chemically synthesised compounds (Figure 

9). These compounds were detected in lower intensity in the wild type extracts 

compared to the SCBs (see Figure 5). The 6-dehydro SCBs were not detected in 

extracts of the scbA, scbB or scbC deletion mutant strains. In fact, none of the 

predicted intermediates of the pathway (Kato et al, 2007, and Figure 2) were 

Figure 8. Expression levels 
of the scbA, scbB and scbC 
genes along growth of S. 
coelicolor. Gene expression 
was assessed by qRT-PCR 
in the wild type strain 
M145, ΔscbA (M751) and 
ΔscbR (M752). Levels of 
expression are shown as 
fold-change relative to the 
wild type sample at 
exponential phase. E, 
exponential; TRAN, 
transition. 
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found in extracts of the deletion mutants ΔscbA, ΔscbB, and ΔscbC as 

determined by LC/MS: none of the masses corresponding to the pathway 

intermediates were found in the mass spectra under the conditions tested 

(data not shown).  

 

 

Figure 9. Detection of 6-dehydro SCB1 and 6-dehydro SCB2 in M145 and deletion 
mutants ΔscbA, ΔscbB and ΔscbC. The peaks corresponding to the chemically 
synthesised standards 6-dehydro SCB1 and 6-dehydro SCB2 in the selected mass range 
241.1430-241.1460 Da elute at 8.23 min and 8.91 min, respectively.  6-dehydro SCB1 
and 6-dehydro SCB2 are detected at similar retention time in the wild type M145 
extract while no corresponding peaks are detected in the deletion strains ΔscbA 
(M751), ΔscbB and ΔscbC. NL, normalized levels, indicates the intensity of the peaks. 
Mass spectra are shown in Figure S2.  

ScbB is able to catalyse the reduction of 6-dehydro SCBs to provide 
SCBs   

To assess the function of ScbB in the SCBs biosynthetic route, scbB was 

heterologously expressed in E. coli and purified with an N-terminal His-tag 

(Figure 10, A). Enzymatic assays were carried out with this purified ScbB to 

assess its role in the conversion of 6-dehydro-SCBs compounds to SCBs.  
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Chemically synthesized A-factor (6-dehydro SCB1) (1), and 6-dehydro SCB2 (8), 

predicted precursors of the SCBs (Figure 2), were used as substrates for these 

enzymatic assays. The initial activity of the purified enzyme was assessed by 

measuring NAD(P)H consumption (ΔOD340). ScbB can use only NADPH as 

electron donor. No activity was detected with NADH as the cofactor. Although 

the initial activity of ScbB on 6-dehydro SCB1 was extremely low compared to 

the activity on 6-dehydro SCB2, activities on both substrates were found in the 

complete assays after 24 h. Elimination of any of the factors added to the assay 

resulted in a loss of NADPH consumption, and product formation was no 

longer detectable when analysed by LC-MS. 

To confirm the enzyme activity on both 6-dehydro SCB1 and 6-dehydro SCB2, 

product formation was analysed by LC-MS. For both 6-dehydro SCB1 and 6-

dehydro SCB2 the reduction of the C6-keto group was confirmed, and SCB1 

(4a) and SCB2 (5a) were detected as product of the enzymatic assays (Figure 

10, B). 

Two chromatographic peaks were detected in the enzymatic assays extracts by 

LC/MS, which correspond to the chromatographic peaks detected for the 

chemically synthesised IM-2 and VB-type stereoisomers of both SCB1 and SCB2 

(Figure S3, supplemental material). However, the substrates used for the 

assays (A-factor 1 and 6-dehydro SCB2 8) were racemic mixtures, and 

therefore we cannot conclude that ScbB is able to synthesize both 

enantiomers (IM-2 and VB). The stereospecificity of the ScbB enzyme remains 

unknown. 
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Figure 10. LC/MS analysis of ScbB enzymatic assay mixtures after 24 h. A, SDS-PAGE 
analysis of purified His-ScbB (~29.5 kD). M, Protein molecular weight marker; E, elution 
fraction, purified His-ScbB. B, Detection of SCB1 (IM-2 and VB-type forms) and SCB2 
(IM-2 and VB-type forms) in enzymatic assay mixtures using 6-dehydro SCB1 and 6-
dehydro SCB2 as substrates. With 6-dehydro SCB1 (1) as substrate, the extracted ion 
chromatograms show formation of SCB1-IM-2 (4.68 min) and SCB1-VB (4.16 min) and 
depletion of the substrate at 8.09 min. With 6-dehydro SCB2 (8) as substrate, 
formation of SCB2-IM-2 (5.11 min) and SCB2-VB (4.54 min) and depletion of the 
substrate at 8.77 min are observed. SCB1 and SCB2 are detected in positive mode of 
ionisation while 6-dehydro SCB1 and 6-dehydro SCB2 are detected in negative mode. 
The graphs were combined in the figure to achieve a better visualisation of product 
formation and substrate depletion. The mass spectra for the corresponding peaks 
matched the mass spectra of the standards, thus confirming the identification of these 
compounds in the mixtures (Figure S1 and Figure S2). NL, normalized levels, indicates 
the intensity of the peaks. The chromatograms of the chemically synthesised standards 
are shown in Figure S3. 
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Discussion 
The biosynthesis of γ-butyrolactones has been studied in several Streptomyces 

strains, but limited information is available on the biosynthetic pathway in 

Streptomyces coelicolor. ScbA has been described as the key enzyme in the 

biosynthesis of SCBs in S. coelicolor and is thought to catalyse the first 

condensation step in the biosynthetic pathway of these signalling molecules. 

However, the intermediates of the pathway have not been identified, nor have 

the additional enzymes involved been described. Here, we have characterized 

two proteins, ScbB and ScbC, that, together with ScbA, are essential for the 

biosynthesis of these signalling molecules. We have also demonstrated the 

ability of ScbB to catalyse the reduction of the 6-dehydro-SCBs into the SCBs, 

which is the predicted last step of the biosynthetic pathway (Figure 2).  

In S. griseus, and S. antibioticus, γ-butyrolactones are synthesised by two 

different pathways. The major route for VBs biosynthesis in S. antibioticus 

involves removal of the phosphate group of the β-keto ester formed after the 

first condensation step (route A). An alternative route was proposed in this 

species in which the β-keto ester undergoes first intramolecular aldol 

condensation (route B). A-factor biosynthesis occurs mainly through route B in 

S. griseus, but route A has also been detected and described as a secondary 

route (Kato et al., 2007). In S. antibioticus, as well as in S.virginiae, the last step 

in the biosynthesis of VBs is the reduction of 6-dehydro-VBs by a 6-dehydro-VB 

reductase (Shikura et al., 1999, Shikura et al., 2002). The detection of 6-

dehydro-SCBs in the extracts of S. coelicolor wild type strain M145 shows that 

one or both of the pathways described in S. virginiae, S. antibioticus and S. 

griseus are also present in S. coelicolor. Here we report for the first time the 

detection of 6-dehydro-SCB as an intermediate compound of the SCB 

biosynthesis pathway in S. coelicolor.  

The inability of the ΔscbB and ΔscbC mutant strains to produce γ-

butyrolactones indicates that the corresponding enzymes are essential for the 

biosynthesis of the SCB signalling molecules in S. coelicolor. Enzymatic assays 

with purified ScbB protein showed its ability to reduce 6-dehydro-SCBs to 

produce SCBs. Unexpectedly, no 6-dehydro-SCBs were found in extracts of the 

ΔscbB mutant by LC/MS analyses. In fact, none of the predicted intermediates 

of the pathway (Kato et al., 2007) (Figure 2) were found in extracts of the scbA, 

scbB or scbC deletion mutants. However, 6-dehydro SCB1 and 6-dehydro SCB2 
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were detected in extracts of wild type cultures, although in lower intensity 

compared to the SCBs (see Figure 5 and Figure 9). Accumulation of pathway 

intermediates may have an inhibitory effect on the enzymes involved in the 

pathway, or these intermediates are redirected and used in other pathways. It 

is also possible that the sequence of events taking place in S. coelicolor is 

different from the one described for other species. Performing feeding 

experiments with chemically synthesised predicted intermediates of the 

pathway might give more information regarding the steps taking place in this 

biosynthetic pathway.  

Previously, microarray experiments performed on the ΔscbA mutant showed a 

considerable reduction in the expression of scbC (except for a higher level of 

expression of scbC in the exponential phase time point compared to wild type, 

similar to what we see here in the qRT PCR experiment described in Figure 8; 

see below) (D'Alia et al., 2011). In Nieselt et al. (2010), it was reported that 

expression of scbA and scbC showed a similar temporal pattern during a 

growth curve experiment. Furthermore, in S. griseus, the analogous genes of 

scbA and scbC, namely afsA and bprA, are also located adjacent to each other 

(Figure 3), and it was also suggested that they are organised in an operon (Kato 

et al., 2007). Our findings indicate that scbA and scbC are part of an operon 

and are co-transcribed. This result agrees well with the similar antibiotic 

production phenotypes in both scbA and scbC deletion mutants. Surprisingly, 

however, expression of scbC in the ΔscbA mutant was unexpectedly increased 

while expression of scbA itself in this mutant strain (measured in the 5´UTR of 

scbA, still present in the mutant strain) was considerably reduced in 

comparison with the levels in the wild type. An additional transcription start 

site might be present upstream of scbC from which alternative transcription is 

initiating in the ΔscbA mutant strain. In fact, the presence of internal 

promoters upstream of the internal genes in operons has been previously 

documented for S. coelicolor (Laing et al., 2006, Charaniya et al., 2007). 

Interestingly, a nucleotide sequence predicted to form a stem-loop was found 

at the 3´end of scbA. This suggests that differential expression is taking place in 

this operon and it is possible that a monocistronic scbA transcript is also being 

formed. This phenomenon, involving the differential expression of individual 

genes in an operon, due to the presence of a stem-loop modulating the 

expression of the first gene, has been reported for other operons in S. 

coelicolor (Hoogvliet et al., 1999, Paget et al., 1999). In these examples no 
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internal promoter was found upstream of the second gene. Additionally, a 

stem-loop might also be a signal for mRNA processing. It is possible that this 

stem-loop is a recognition site for specific RNAses to cleave this mRNA 

molecule post-transcriptionally yielding two scbA and scbC individual 

transcripts, as previously reported (Chang et al., 2005, Schuck et al., 2009). 

Expression levels of scbC in the ΔscbR mutant were considerably reduced in 

comparison with the wild type. Interestingly, the scbC expression profile along 

growth in this mutant is the same as that for the scbA gene. This suggests a 

similar regulatory effect exerted by ScbR on the expression of scbC, as it does 

for scbA, which could be explained by the fact that these genes are co-

transcribed. Antibiotic production in scbC deletion mutant strain differed 

considerably in comparison to the wild type and was similar to the one 

observed for ΔscbA, characterised by an early production of both Red and Act 

in comparison with the wild type.  

In this study we have provided important insights into the biosynthesis of SCBs 

in S. coelicolor. We have identified and (partially) characterised two additional 

proteins, ScbB and ScbC, and showed that both enzymes are essential for the 

biosynthesis of these signalling molecules. Our data show that ScbB catalyses 

the reduction of 6-dehydro SCBs in vitro, suggesting that this protein is 

responsible for the last step in the biosynthesis of SCBs in vivo. As members of 

a complex regulatory network, the regulation of scbC gene expression was 

shown to be dependent on ScbR. This paper provides a strong advance in 

knowledge about the SCB biosynthetic pathway in S. coelicolor, and the 

regulatory effects of the SCB signalling molecules. Metabolic engineering of 

the SCB system may be a useful tool for improvement of antibiotic production 

(Biarnes-Carrera et al., 2015).   
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 Supplementary material 

 

 Table S1. List of primers used in this work 

Use Name Sequence 

qRT-PCR experiments 

 scbB_qRT-F 5’ -CCGTGTTCAACCGCATC- 3’ 

 scbB_qRT-R 5’ -TGTGGCATCGACGTACTG- 3’ 

 scbC_qRT-F2 5’ -GCGGACGACTTCATCACG- 3’ 

 scbC_qRT-R2 5’ -GCGTGTTGGACATGAAGGT- 3’ 

 hrdBrtoutfw 5'-CATGCGCTTCGGACTCA-3' 

 hrdBrtoutrv 5'-ACTCGATCTGGCGGATG-3' 

RT-PCR  

 hrdBrt-1 5’-GAGTCCGTCTCTGTCATGGCG-3’ 

 hrdBrt-2 5’-TCGTCCTCGTCGGACAGCACG-3’ 

 scbAscbC-fw 5'-AGTTCGACAGCCCGTGCTGG-3' 

 scbAscbC-rv 5'-CCGCGCAGACCTCGACGTTC-3' 

Heterologous expression of ScbB 

 scbB-NdeI-F 5’- CATATGCGTGCACATGGGACGAGGT -3’ 

 scbB-BamHI-R 5’- GGATCCTCAGAGAATCGTTCCGCCTGTG -3’ 
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Table S2. Plasmids used in this work 

Name Description Source 

pBluescript-KS(II) Standard cloning vector Stratagene 

pCK1 pUC19 + SalI-SphI 3.6 kb DNA fragment 

containing scbB 

This work 

pCK1+tsr pCK1 containing a HincII thiostreptone 

resistance gene (tsr) cloned in scbB 

This work 

pCK2 pKC1132 +BamHI-HindIII DNA fragment 

from pKC1+tsr  

This work 

pCR-BluntII-TOPO Blunt-end PCR products cloning vector 
(kanamycin

R
) 

Invitrogen 

pKC1132 E. coli/Streptomyces shuttle vector  (Bierman et al., 1992) 

pET15b Expression vector Novagen 

pIJ6111 4.5 kb fragment from cosmid GB10 cloned 

in pIJ2925 

(Takano et al., 2001) 

pIJ6114 3.1 kb BamHI fragment from cosmid GB10 

cloned in pIJ2925 

(Takano et al., 2001) 

pTE71 pDrive + scbA/R PCR fragment 

 

(Bunet, 2006) 

pTE31 BamHI/XmnI 3 kb fragment from pIJ6114 
cloned in pCR-BluntII-TOPO 

This work 

pTE32 pTE31 with the BamHI 4.5 kb DNA 
fragment from pIJ6111 

This work 

pTE33 HindIII-XbaI 7.5 kb DNA fragment from 
pTE32 cloned in pKC1132 

This work 

pTE36 pTE33 lacking the EcoRV-NdeI fragment This work 

pTE38 pTE33 lacking the BstBI-HindIII fragment + 
1.6 kb XmnI fragment from pTE71 

This work 
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 Chemical synthesis of SCBs and 6-dehydro-SCBs (A-factor compounds) 

 

 

 

Solvents for chemical reactions were dried according to the standard 

procedures. Solvents for flash chromatography were used without further 

purification. All reagents were obtained from Sigma-Aldrich and were used 

without further purification unless noted otherwise. Flash column 

chromatography was performed on 230-430 mesh silica gel. 1H-, 13C-, NMR 

spectroscopy was performed on Varian AMX400 spectrometers. Chemical 

shifts were determined relative to the residual solvent peaks (CHCl3, δ = 7.26 

ppm for 1H NMR, δ = 77.16 ppm for 13C NMR). The mass spectra were recorded 

on a Thermoscientific LTQ OrbitrapXL spectrometer. Enynes 10a (Zhang et al., 

2001) and 10b (Song et al., 2007) (see Scheme 1) were synthesized according 

to the literature procedures.  

General procedure for the palladium-catalyzed enyne cyclization 

To a solution of Pd(OAc)2 (12 mg, 0.054 mmol) and 2,2-bipyridine (10 mg, 

0.064 mmol) in acetic acid (4 mL) was added enyne 10 (281 mg, 1.0 mmol) with 

stirring. The reaction mixture was stirred at 60 °C for 18 h. After completion of 
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the reaction, diethyl ether (150 mL) was added. The mixture was washed with 

saturated NaHCO3 solution (4 × 50 mL) and brine (50 mL). The ether layer was 

dried (MgSO4), filtered, and concentrated in vacuo. The residue was submitted 

to column chromatography on silica gel (pentane/ethyl acetate 4:1), affording 

pure 11a-b as oil.  

Compound 11a was isolated in 87% yield (244 mg). 

 

1H NMR (400 MHz, CDCl3) δ 5.86 (ddd, J = 17.0, 10.1, 7.6 Hz, 1H), 5.27 (dt, J = 

17.1, 1.1 Hz, 1H), 5.22 (dt, J = 10.1, 1.0 Hz, 1H), 4.41 (dd, J = 9.0, 8.1 Hz, 1H), 

4.04 (dd, J = 9.0, 3.4 Hz, 1H), 3.84 – 3.65 (m, 1H), 2.41 – 2.17 (m, 2H), 2.27 (s, 

3H), 1.58 – 1.38 (m, 3H), 1.35 – 1.27 (m, 2H), 1.18 – 1.15 (m, 2H), 0.86 (d, J = 

6.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 168.19, 167.45, 160.18, 136.26, 

117.33, 114.28, 69.81, 42.10, 38.56, 33.26, 27.80, 27.16, 25.79, 22.55, 22.53, 

20.81; HRMS calculated for C16H24O4Na [M+Na]: 303.156, found: 303.156. The 

NMR data match with the literature report (Zhang et al., 2001).  

Compound 11b was isolated in 84% yield (236 mg). 

 

1H NMR (400 MHz, CDCl3) δ 5.82 (ddd, J = 17.3, 10.1, 7.5 Hz, 1H), 5.24 (dd, J = 

17.1, 3.1 Hz, 1H), 5.17 (dd, J = 10.1, 4.1 Hz, 1H), 4.46 – 4.19 (m, 1H), 3.99 (dd, J 

= 9.0, 3.5 Hz, 1H), 3.73 (td, J = 7.8, 3.4 Hz, 1H), 2.49 – 2.03 (m, 2H), 2.22 (s, 3H), 

1.51 – 1.43 (m, 2H), 1.28 – 1.21 (m, 8H), 0.86 – 0.82 (m, 3H). 13C NMR (100 

MHz, CDCl3) δ 168.10, 167.42, 160.10, 136.24, 117.24, 114.26, 69.79, 42.00, 

33.19, 31.58, 29.28, 28.90, 25.50, 22.53, 20.74, 13.99; HRMS calculated for 

C16H25O4 [M+H]: 281.174, found: 281.174. The NMR data match with the 

literature report (Song et al., 2007). 
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 General procedure for the synthesis of compounds 12 

Compounds 12a and 12b were synthesized according to a literature procedure 

(Zhang et al., 2001). N-methylmorpholine N-oxide (125 mg, 1.06 mmol) and 

potassium osmate (VI) dihydrate (K2OsO4. 2H2O) (11 mg, 0.03 mmol) were 

added to a solution of 11 (200 mg, 0.71 mmol) in acetone-water (7:1, 9 ml). 

The mixture was stirred for 15 h at room temperature and, upon completion, 

was quenched with sodium bisulfite (100 mg), diluted with water and 

extracted with CH2Cl2 (4 X 50 mL). The combined CH2Cl2 portions were dried, 

filtered and concentrated in vacuo. The residue was purified through a short 

silica gel column (ether/pentane/methanol 6:4:1) to afford the corresponding 

diol as colorless oil, which was added to a vigorously stirred suspension of SiO2-

supported (Zhong et al., 1997) NaIO4 (2.50 g) in CH2Cl2 (23 ml). The reaction 

mixture was stirred at room temperature for 1.5 h, then filtered, the silica 

washed with CHCl3 (20 ml) and the collected organic phases concentrated in 

vacuo to afford the corresponding aldehyde as an oil. The aldehyde was 

directly dissolved in MeOH (23 ml) without purification. NaBH4 (14 mg, 0.29 

mmol) was added to the reaction mixture in portions at 0 °C. The reaction 

mixture was stirred for 1 h at that temperature and, upon completion, diluted 

with water and extracted with CH2Cl2 (2 X 60 ml). The combined DCM portions 

were dried (Na2SO4), filtered and concentrated in vacuo. The residue was 

submitted to column chromatography (ethyl acetate/pentane 1:4) on silica gel 

to afford pure 3 as the product. 

Compound 12a was obtained as colorless oil in 50% yield (101 mg). 

 

1H NMR (400 MHz, CDCl3) δ 4.35 – 4.22 (m, 2H), 3.77 – 3.58 (m, 2H), 3.30 (qd, J 

= 5.8, 3.0 Hz, 1H), 2.48 – 2.30 (m, 2H), 2.26 (s, 3H), 1.57 – 1.47 (m, 3H), 1.42 – 

1.25 (m, 2H), 1.23 – 1.12 (m, 2H), 0.86 (d, J = 6.6 Hz, 6H); 13C NMR (100 MHz, 

CDCl3) δ 168.66, 167.66, 159.32, 113.75, 67.58, 63.78, 40.60, 38.59, 33.58, 

27.84, 27.17, 26.21, 22.56, 22.53, 20.80; HRMS calculated for C15H25O5 [M+H]: 

285.169, found: 285.169. The NMR data match with the literature report 

(Zhang et al., 2001).  
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Compound 12b was obtained as colorless oil in 60% yield (121 mg). 

 

1H NMR (400 MHz, CDCl3) δ 4.27 (dd, J = 4.4, 2.1 Hz, 2H), 3.66 (dt, J = 5.7, 3.1 

Hz, 2H), 3.27 (dt, J = 6.8, 2.9 Hz, 1H), 2.34 (ddt, J = 20.9, 8.5, 6.2 Hz, 2H), 2.24 (s, 

3H), 1.61 – 1.40 (m, 2H), 1.37 – 1.12 (m, 8H), 0.94 – 0.72 (m, 3H); 13C NMR (101 

MHz, CDCl3) δ 168.74, 167.82, 159.30, 113.87, 67.67, 63.70, 40.62, 33.51, 

31.62, 29.32, 28.98, 25.94, 22.55, 20.79, 14.02; HRMS calculated for C15H25O5 

[M+H]: 285.169, found: 285.169. 

General procedure for the synthesis of A-factor-type compounds  (Zhang et al., 
2001) 

To a solution of 12 (100 mg, 0.35 mmol) in MeOH (25 mL) was added 4-

(dimethyl amino) pyridine (8.5 mg, 0.07 mmol) at 0 °C. The reaction mixture 

was stirred for 20 h at 15-20 °C. Subsequently, the solvent was removed in 

vacuo. The residue was then submitted to column chromatography on silica gel 

(ethyl acetate/pentane 3:1), affording the products 1 and 8 as colorless oil. 

The products 1 and 8 were obtained as mixture of keto and enol tautomers.  

Compound 1 (A-factor) was obtained in 75% yield (64 mg); the predominant 

keto isomer is characterized. 

 

1H NMR (400 MHz, CDCl3) δ 4.43 (dd, J = 9.0, 8.0 Hz, 1H), 4.14 (dd, J = 9.0, 6.7 

Hz, 1H), 3.76 – 3.58 (m, 2H), 3.30 – 3.16 (m, 1H), 2.97 (dt, J = 17.9, 7.5 Hz, 1H), 

2.64 (dt, J = 17.9, 7.2 Hz, 1H), 1.65 – 1.44 (m, 3H), 1.37 – 1.23 (m, 2H), 1.22 – 

1.12 (m, 2H), 0.85 (d, J = 6.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 202.88, 

172.32, 68.98, 61.82, 54.92, 42.49, 39.09, 38.63, 27.78, 26.73, 23.49, 22.55, 

22.54; HRMS calculated for C13H23O4 [M+H]: 243.159, found: 243.158. 
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Compound 8 (6-dehydro-SCB2) was obtained in 90% yield (76.7 mg); the 

predominant keto isomer is characterized. 

 

1H NMR (400 MHz, CDCl3) δ 4.55 – 4.33 (m, 1H), 4.14 (dd, J = 9.0, 6.7 Hz, 1H), 

3.78 – 3.60 (m, 2H), 3.32 – 3.16 (m, 1H), 2.98 (dt, J = 17.9, 7.5 Hz, 1H), 2.64 (dt, 

J = 17.9, 7.2 Hz, 1H), 1.69 – 1.50 (m, 2H), 1.29 (h, J = 4.9, 4.0 Hz, 8H), 0.88 (t, J = 

6.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 203.03, 172.51, 69.10, 61.76, 54.95, 

42.48, 39.18, 31.61, 29.00, 28.90, 23.24, 22.56, 14.03; HRMS calculated for 

C13H23O4 [M+H]: 243.159, found: 243.159. 

Procedure for the synthesis of SCBs (Elsner et al., 2008) 

To a sealed tube fitted with a septum and containing the catalyst (S,S)-RuCl(p-

cymene)[Ts-DPEN] (13.2 mg, 10 mol%) was added a solution of compound 1 

(30.0 mg, 0.12 mmol) in CH2Cl2 (0.5 mL). A premixed solution of HCO2H (25 μl, 

5 equiv.) and Et3N (35 μl, 2 equiv.) in CH2Cl2 (0.5 mL) was then added to the 

reaction mixture. After stirring at room temperature for 24-36 h (monitored by 

TLC), the reaction was quenched by slow addition of NaHCO3 (sat.). The aq. 

phase was extracted with EtOAc (3 x 10 mL) and the combined organic layers 

were dried, concentrated in vacuo and subjected to flash chromatography 

(CH2Cl2/MeOH 20:1) on silica gel yielding a mixture of diastereomers 4 (IM-2 

and VB) in 85% yield (25.7 mg) as a colorless oil. The diastereomers 4a-IM-2 

(SCB1) and 4b-VB were separated by silica gel column chromatography using 

ethyl acetate/pentane 4:1 as eluent. 

4a-IM-2 (SCB1) 
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1H NMR (400 MHz, CDCl3) δ 4.42 (dd, J = 9.0, 8.4 Hz, 1H), 4.06 – 3.92 (m, 2H), 

3.80 – 3.60 (m, 2H), 2.85 – 2.70 (m, 1H), 2.64 (dd, J = 9.4, 4.7 Hz, 2H), 1.67 – 

1.43 (m, 4H), 1.42 – 1.27 (m, 3H), 1.23 – 1.12 (m, 2H), 0.86 (d, J = 6.6 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 177.20, 70.87, 68.34, 63.00, 49.05, 40.11, 38.83, 

33.99, 27.89, 27.18, 26.07, 22.60, 22.57; HRMS calculated for C13H25O4 [M+H]: 

245.174, found: 245.174. The NMR data match with the literature report 

(Takano et al., 2000). 

 4b-VB 

 

1H NMR (400 MHz, CDCl3) δ 4.42 (t, J = 8.7 Hz, 1H), 4.18 – 4.03 (m, 2H), 3.81 – 

3.63 (m, 2H), 2.92 – 2.78 (m, 1H), 2.56 (dd, J = 7.3, 3.7 Hz, 1H), 1.66 – 1.40 (m, 

4H), 1.40 – 1.22 (m, 3H), 1.23 – 1.13 (m, 2H), 0.87 (d, J = 6.6 Hz, 6H). 13C NMR 

(101 MHz, CDCl3) δ 178.45, 70.81, 69.41, 63.33, 48.10, 38.85, 38.10, 34.86, 

27.90, 27.17, 26.07, 22.60, 22.57; HRMS calculated for C13H25O4 [M+H]: 

245.174, found: 245.174. The NMR data match with the literature report 

(Takano et al., 2000).  

A similar procedure was also used to prepare the diastereomers 5a-IM-2 

(SCB2) and 5b-VB type in 75% combined yield (22.6 mg). 

5a-IM-2 (SCB2) 

 

1H NMR (400 MHz, CDCl3) δ 4.42 (dd, J = 9.0, 8.3 Hz, 1H), 4.05 – 3.93 (m, 2H), 

3.76 (dd, J = 10.7, 5.3 Hz, 1H), 3.69 (dd, J = 10.6, 6.5 Hz, 1H), 2.84 – 2.71 (m, 

1H), 2.64 (dd, J = 9.4, 4.8 Hz, 1H), 1.67 – 1.46 (m, 3H), 1.40 – 1.19 (m, 9H), 0.92 

– 0.79 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 177.23, 70.86, 68.35, 62.99, 49.08, 

40.11, 33.95, 31.76, 29.39, 29.18, 25.82, 22.60, 14.06; HRMS calculated for 

C13H25O4 [M+H]: 245.174, found: 245.174. 
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5b-VB 

 

1H NMR (400 MHz, CDCl3) δ 4.42 (t, J = 8.7 Hz, 1H), 4.13 – 4.06 (m, 2H), 3.80 – 

3.62 (m, 2H), 2.85 (h, J = 6.6 Hz, 1H), 2.56 (dd, J = 7.3, 3.7 Hz, 1H), 1.63 – 1.41 

(m, 2H), 1.31 –1.25 (m, 9H), 0.95 – 0.75 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 

178.58, 70.80, 69.47, 63.32, 48.12, 38.10, 34.83, 31.76, 29.37, 29.20, 25.82, 

22.61, 14.07; HRMS calculated for C13H25O4 [M+H]: 245.174, found: 245.174. 
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Figure S3. Mass chromatograms (A) and mass spectra (B) for γ-butyrolactones 
standards used in this study. SCB1 elutes at 4.69 min in the IM-2-form and at 4.12 min 
in the VB-form while SCB2 elutes at 5.13 min in the IM-2-form and at 4.55 min in the 
VB-form. The mass spectra show the expected ions for SCB1 and SCB2: M+H

+
:245.17 

Da with correct predicted formula C13H25O4, and the ions after loss of one or two water 
molecules: M-H2O+H

+
: 227.17 Da with formula of C13H23O3 and M-2H2O+H

+
: 209.16 Da 

with formula of C13H21O2. 6-dehydro SCB1 (A-factor) and 6-dehydro SCB2 (A-factor 
SCB2) elute at 8.18 min and 8.80 min, respectively. The mass chromatograms obtained 
in negative ionization mode show the detection of the molecular ion M-H

-
 : 241.14 Da 

and the correct expected formula C13H21O4. The two major fragments after loss of 
water (223.13, 207.13 Da) are present but at lower intensity (not shown in these mass 
spectra). 



 

132 

Chapter 3 

 References 
 

Biarnes-Carrera, M., Breitling, R., Takano, E. 2015. Butyrolactone signalling circuits for 
synthetic biology. Current Opinion in Chemical Biology, vol. 28, no. 91, pp. 98.  

Bibb, M.J. 2005. Regulation of secondary metabolism in streptomycetes. Current 
Opinion in Microbiology, vol. 8, no. 2, pp. 208-215.  

Bierman, M., Logan, R., O'Brien, K., Seno, E.T., Nagaraja Rao, R., Schoner, B.E. 1992. 
Plasmid cloning vectors for the conjugal transfer of DNA from Escherichia coli to 
Streptomyces spp. Gene, vol. 116, no. 1, pp. 43-49.  

Bunet, R. 2006. PhD Thesis. Investigation of the regulatory mechanism of scbA and 
scbR, two genes involved in the synthesis and sensing of gamma-butyrolactones in 
Streptomyces coelicolor. Eberhard Karls Universität Tübingen.  

Challis, G.L. 2014. Exploitation of the Streptomyces coelicolor A3(2) genome sequence 
for discovery of new natural products and biosynthetic pathways. Journal of Industrial 
Microbiology & Biotechnology, vol. 41, no. 2, pp. 219-232.  

Chang, S.A., Bralley, P., Jones, G.H. 2005. The absB gene encodes a double strand-
specific endoribonuclease that cleaves the read-through transcript of the rpsO-pnp 
operon in Streptomyces coelicolor. The Journal of Biological Chemistry, vol. 280, no. 39, 
pp. 33213-33219.  

Charaniya, S., Mehra, S., Lian, W., Jayapal, K.P., Karypis, G., Hu, W.S. 2007. 
Transcriptome dynamics-based operon prediction and verification in Streptomyces 
coelicolor. Nucleic Acids Research, vol. 35, no. 21, pp. 7222-7236.  

D'Alia, D., Eggle, D., Nieselt, K., Hu, W.S., Breitling, R., Takano, E. 2011. Deletion of 
the signalling molecule synthase ScbA has pleiotropic effects on secondary metabolite 
biosynthesis, morphological differentiation and primary metabolism in Streptomyces 
coelicolor A3(2). Microbial Biotechnology, vol. 4, no. 2, pp. 239-251.  

Du, Y.L., Shen, X.L., Yu, P., Bai, L.Q., Li, Y.Q. 2011. Gamma-butyrolactone regulatory 
system of Streptomyces chattanoogensis links nutrient utilization, metabolism, and 
development. Applied and Environmental Microbiology, vol. 77, no. 23, pp. 8415-8426.  

Elsner, P., Jiang, H., Nielsen, J.B., Pasi, F., Jorgensen, K.A. 2008. A modular and 
organocatalytic approach to gamma-butyrolactone autoregulators from 
Streptomycetes. Chemical Communications (Cambridge, England), vol. (44):5827-9. 
doi, no. 44, pp. 5827-5829.  

Gomez-Escribano, J., Song, L., Fox, D.J., Yeo, V., Bibb, M.J., Challis, G.L. 2012. 
Structure and biosynthesis of the unusual polyketide alkaloid coelimycin P1, a 
metabolic product of the cpk gene cluster of Streptomyces coelicolor M145. Chemical 
Science, vol. 3, no. 9, pp. 2716-2720.  



 

133 

Synthesis of γ-butyrolactones 

Gottelt, M., Kol, S., Gomez-Escribano, J.P., Bibb, M., Takano, E. 2010. Deletion of a 
regulatory gene within the cpk gene cluster reveals novel antibacterial activity in 
Streptomyces coelicolor A3(2). Microbiology, vol. 156, no. Pt 8, pp. 2343-2353.  

Gräfe, U., Reinhardt, G., Schade, W., Eritt, I., Fleck, W.F., Radics, L. 1983. Interspecific 
inducers of cytodifferentiation and anthracycline biosynthesis from Streptomyces 
bikiniensis and S. cyaneofuscatus. Biotechnology Letters, vol. 5, no. 9, pp. 591-596.  

Gräfe, U., Schade, W., Eritt, I., Fleck, W.F., Radics, L. 1982. A new inducer of 
anthracycline biosynthesis from Streptomyces viridochromogenes. The Journal of 
Antibiotics, vol. 35, no. 12, pp. 1722-1723.  

Hoogvliet, G., van Wezel, G.P., Kraal, B. 1999. Evidence that a single EF-Ts suffices for 
the recycling of multiple and divergent EF-Tu species in Streptomyces coelicolor A3(2) 
and Streptomyces ramocissimus. Microbiology, vol. 145 ( Pt 9), no. Pt 9, pp. 2293-2301.  

Hsiao, N.H., Soding, J., Linke, D., Lange, C., Hertweck, C., Wohlleben, W., Takano, E. 
2007. ScbA from Streptomyces coelicolor A3(2) has homology to fatty acid synthases 
and is able to synthesize gamma-butyrolactones. Microbiology, vol. 153, no. Pt 5, pp. 
1394-1404.  

Hsiao, N.H., Gottelt, M., Takano, E. 2009a. Regulation of antibiotic production by 
bacterial hormones. Methods in Enzymology, vol. 458, pp. 143-157.  

Hsiao, N.H., Nakayama, S., Merlo, M.E., de Vries, M., Bunet, R., Kitani, S., Nihira, T., 
Takano, E. 2009b. Analysis of two additional signaling molecules in Streptomyces 
coelicolor and the development of a butyrolactone-specific reporter system. Chemistry 
& Biology, vol. 16, no. 9, pp. 951-960.  

Kato, J., Funa, N., Watanabe, H., Ohnishi, Y., Horinouchi, S. 2007. Biosynthesis of 
gamma-butyrolactone autoregulators that switch on secondary metabolism and 
morphological development in Streptomyces. Proceedings of the National Academy of 
Sciences of the United States of America, vol. 104, no. 7, pp. 2378-2383.  

Khokhlov, A.S., 1980, "Problems of studies of specific cell autoregulators (on the 
example of substances produced by some actinomycetes)", Frontiers of Bioorganic 
Chemistry and Molecular Biology, ed. S.N. Ananchenko, Pergamon, pp. 201.  

Kieser, T., Bibb, M.J., Buttner, M.J., Chater, K.F. & Hopwood, D.A. 2000. Practical 
Streptomyces Genetics. John Innes Foundation, Norwich, UK.  

Kitani, S., Hoshika, M., Nihira, T. 2008a. Disruption of sscR encoding a gamma-
butyrolactone autoregulator receptor in Streptomyces scabies NBRC 12914 affects 
production of secondary metabolites. Folia Microbiologica, vol. 53, no. 2, pp. 115-124.  

Kitani, S., Iida, A., Izumi, T., Maeda, A., Yamada, Y., Nihira, T. 2008b. Identification of 
genes involved in the butyrolactone autoregulator cascade that modulates secondary 
metabolism in Streptomyces lavendulae FRI-5. Gene, vol. 425, no. 1-2, pp. 9-16.  



 

134 

Chapter 3 

 Kondo, K., Higuchi, Y., Sakuda, S., Nihira, T., Yamada, Y. 1989. New virginiae 
butanolides from Streptomyces virginiae. The Journal of Antibiotics, vol. 42, no. 12, pp. 
1873-1876.  

Laing, E., Mersinias, V., Smith, C.P., Hubbard, S.J. 2006. Analysis of gene expression in 
operons of Streptomyces coelicolor. Genome Biology, vol. 7, no. 6, pp. R46.  

Lee, K.M., Lee, C.K., Choi, S.U., Park, H.R., Kitani, S., Nihira, T., Hwang, Y.I. 2005. 
Cloning and in vivo functional analysis by disruption of a gene encoding the gamma-
butyrolactone autoregulator receptor from Streptomyces natalensis. Archives of 
Microbiology, vol. 184, no. 4, pp. 249-257.  

Mingyar, E., Feckova, L., Novakova, R., Bekeova, C., Kormanec, J. 2015. A gamma-
butyrolactone autoregulator-receptor system involved in the regulation of auricin 
production in Streptomyces aureofaciens CCM 3239. Applied Microbiology and 
Biotechnology, vol. 99, no. 1, pp. 309-325.  

Mizuno, K., Sakuda, S., Nihira, T., Yamada, Y. 1994. Enzymatic resolution of 2-acyl-3-
hydroxymethyl-4-butanolide and preparation of optically active IM-2, the 
autoregulator from Streptomyces sp. FRI-5. Tetrahedron, vol. 50, no. 37, pp. 10849-
10858.  

Mori, K. 1983. Revision of the absolute configuration of A-factor: the inducer of 
streptomycin biosynthesis, basing on the reconfirmed (R)-configuration of (+)-
paraconic acid. Tetrahedron, vol. 39, no. 19, pp. 3107-3109.  

Nieselt, K., Battke, F., Herbig, A., Bruheim, P., Wentzel, A., Jakobsen, O.M., Sletta, H., 
Alam, M.T., Merlo, M.E., Moore, J., Omara, W.A., Morrissey, E.R., Juarez-Hermosillo, 
M.A., Rodriguez-Garcia, A., Nentwich, M., Thomas, L., Iqbal, M., Legaie, R., Gaze, 
W.H., Challis, G.L., Jansen, R.C., Dijkhuizen, L., Rand, D.A., Wild, D.L., Bonin, M., 
Reuther, J., Wohlleben, W., Smith, M.C., Burroughs, N.J., Martin, J.F., Hodgson, D.A., 
Takano, E., Breitling, R., Ellingsen, T.E., Wellington, E.M. 2010. The dynamic 
architecture of the metabolic switch in Streptomyces coelicolor. BMC Genomics, vol. 
11, pp. 10.  

Paget, M.S., Leibovitz, E., Buttner, M.J. 1999. A putative two-component signal 
transduction system regulates sigmaE, a sigma factor required for normal cell wall 
integrity in Streptomyces coelicolor A3(2). Molecular Microbiology, vol. 33, no. 1, pp. 
97-107.  

Sakuda, S., Higashi, A., Tanaka, S., Nihira, T., Yamada, Y. 1992. Biosynthesis of 
virginiae butanolide A, a butyrolactone autoregulator from Streptomyces. Journal of 
the American Chemical Society, vol. 114, no. 2, pp. 663-668.  

Sakuda, S., Tanaka, S., Mizuno, K., Sukcharoen, O., Nihira, T., Yamada, Y. 1993. 
Biosynthetic studies on virginiae butanolide A, a butyrolactone autoregulator from 
Streptomyces. Part 2. Preparation of possible biosynthetic intermediates and 
conversion experiments in a cell-free system. Journal of the Chemical Society, Perkin 
Transactions 1, pp. 2309-2315.  



 

135 

Synthesis of γ-butyrolactones 

Sakuda, S. & Yamada, Y. 1991. Stereochemistry of butyrolactone autoregulators from 
Streptomyces. Tetrahedron Letters, vol. 32, no. 15, pp. 1817-1820. Please note that the 
absolute configuration of the VB-type butanolides was initially assigned as (2S, 3R, 1'R), 
and therefore cis, in Mori, K. and Chiba, N. Liebigs Ann Chem.1990, 31-37 but this was 
corrected in the former reference.  

Sambrook, J., Fritsch, E.F. & Maniatis, T. 1989. Molecular cloning: a laboratory 
manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York.  

Sato, K., Nihira, T., Sakuda, S., Yanagimoto, M., Yamada, Y. 1989. Isolation and 
structure of a new butyrolactone autoregulator from Streptomyces sp. FRI-5. Journal of 
Fermentation and Bioengineering, vol. 68, no. 3, pp. 170-173.  

Schuck, A., Diwa, A., Belasco, J.G. 2009. RNase E autoregulates its synthesis in 
Escherichia coli by binding directly to a stem-loop in the rne 5' untranslated region. 
Molecular Microbiology, vol. 72, no. 2, pp. 470-478.  

Shikura, N., Nihira, T., Yamada, Y. 1999. Identification and characterization of 6-
dehydroVB-A reductase from Streptomyces antibioticus. FEMS Microbiology Letters, 
vol. 171, no. 2, pp. 183-189.  

Shikura, N., Nihira, T., Yamada, Y. 2000. Identification of a plausible biosynthetic 
enzyme for the IM-2-type autoregulator in Streptomyces antibioticus. Biochimica Et 
Biophysica Acta, vol. 1475, no. 3, pp. 329-336.  

Shikura, N., Yamamura, J., Nihira, T. 2002. barS1, a gene for biosynthesis of a gamma-
butyrolactone autoregulator, a microbial signaling molecule eliciting antibiotic 
production in Streptomyces species. Journal of Bacteriology, vol. 184, no. 18, pp. 5151-
5157.  

Song, J., Shen, Q., Xu, F., Lu, X. 2007. The use of iminopyridines as efficient ligands in 
the palladium(II)-catalyzed cyclization of (Z)-4'-acetoxy-2'-butenyl 2-alkynoates 
Tetrahedron, vol. 63, no. 24, pp. 5148-5153.  

Takano, E., Nihira, T., Hara, Y., Jones, J.J., Gershater, C.J., Yamada, Y., Bibb, M. 2000. 
Purification and structural determination of SCB1, a gamma-butyrolactone that elicits 
antibiotic production in Streptomyces coelicolor A3(2). The Journal of Biological 
Chemistry, vol. 275, no. 15, pp. 11010-11016.  

Takano, E., Chakraburtty, R., Nihira, T., Yamada, Y., Bibb, M.J. 2001. A complex role 
for the gamma-butyrolactone SCB1 in regulating antibiotic production in Streptomyces 
coelicolor A3(2). Molecular Microbiology, vol. 41, no. 5, pp. 1015-1028.  

Takano, E., Kinoshita, H., Mersinias, V., Bucca, G., Hotchkiss, G., Nihira, T., Smith, 
C.P., Bibb, M., Wohlleben, W., Chater, K. 2005. A bacterial hormone (the SCB1) 
directly controls the expression of a pathway-specific regulatory gene in the cryptic 
type I polyketide biosynthetic gene cluster of Streptomyces coelicolor. Molecular 
Microbiology, vol. 56, no. 2, pp. 465-479.  



 

136 

Chapter 3 

 Takano, E. 2006. Gamma-butyrolactones: Streptomyces signalling molecules regulating 
antibiotic production and differentiation. Current Opinion in Microbiology, vol. 9, no. 3, 
pp. 287-294.  

van Wezel, G.P. & McDowall, K.J. 2011. The regulation of the secondary metabolism 
of Streptomyces: new links and experimental advances. Natural Product Reports, vol. 
28, no. 7, pp. 1311-1333.  

Wang, J., Wang, W., Wang, L., Zhang, G., Fan, K., Tan, H., Yang, K. 2011. A novel role 
of "pseudo"gamma-butyrolactone receptors in controlling gamma-butyrolactone 
biosynthesis in Streptomyces. Molecular Microbiology, vol. 82, no. 1, pp. 236-250.  

Xie, Y., Wang, B., Liu, J., Zhou, J., Ma, J., Huang, H., Ju, J. 2012. Identification of the 
biosynthetic gene cluster and regulatory cascade for the synergistic antibacterial 
antibiotics griseoviridin and viridogrisein in Streptomyces griseoviridis. Chembiochem : 
A European Journal of Chemical Biology, vol. 13, no. 18, pp. 2745-2757.  

Xu, D., Seghezzi, N., Esnault, C., Virolle, M. 2010. Repression of antibiotic production 
and sporulation in Streptomyces coelicolor by overexpression of a TetR family 
transcriptional regulator. Applied and Environmental Microbiology, vol. 76, no. 23, pp. 
7741-7753.  

Yamada, Y. 1999. Autoregulatory factors and regulation of antibiotic production in 
Streptomyces. In Microbial Signalling and Communication. Edited by England R, Hobbs 
G, Bainton N, McRoberts DL. Society for General Microbiology, Cambridge University 
Press, Cambridge, UK, pp. 177-196.  

Yamada, Y., Sugamura, K., Kondo, K., Yanagimoto, M., Okada, H. 1987. The structure 
of inducing factors for virginiamycin production in Streptomyces virginiae. The Journal 
of Antibiotics, vol. 40, no. 4, pp. 496-504.  

Yang, Y., Song, E., Kim, E., Lee, K., Kim, W., Park, S., Hahn, J., Kim, B. 2009. NdgR, an 
IclR-like regulator involved in amino-acid-dependent growth, quorum sensing, and 
antibiotic production in Streptomyces coelicolor. Applied Microbiology and 
Biotechnology, vol. 82, no. 3, pp. 501-511.  

Zhang, Q. & Lu, X. 2000. Highly enantioselective palladium(II)-catalyzed cyclization of 
(Z)-4´-acetoxy-2´-butenyl 2-alkynoates: an efficient synthesis of optically active 
gamma-butyrolactones. Journal of the American Chemical Society, vol. 122, no. 31, pp. 
7604-7605.  

Zhang, Q., Lu, X., Han, X. 2001. Palladium(II)-catalyzed asymmetric cyclization of (Z)-4‘-
acetoxy-2‘-butenyl 2-alkynoates. Role of nitrogen-containing ligands in palladium(II)-
mediated reactions. The Journal of Organic Chemistry, vol. 66, no. 23, pp. 7676-7684.  

Zhong, Y. & Shing, T.K.M. 1997. Efficient and facile glycol cleavage oxidation using 
improved silica gel-supported sodium metaperiodate. The Journal of Organic 
Chemistry, vol. 62, no. 8, pp. 2622-2624.  



 

137 

Synthesis of γ-butyrolactones 

Zou, Z., Du, D., Zhang, Y., Zhang, J., Niu, G., Tan, H. 2014. A gamma-butyrolactone-
sensing activator/repressor, JadR3, controls a regulatory mini-network for jadomycin 
biosynthesis. Molecular Microbiology, vol. 94, no. 3, pp. 490-505.  

 

  



 

138 

Chapter 3 

  



 

Chapter 4 

Effect of point mutations in ScbA, the 

key enzyme for γ-butyrolactone 

synthesis in Streptomyces coelicolor 

 

Lara Martin-Sanchez1, Aysegül Erdem1, Eriko Takano1,2, Lubbert 

Dijkhuizen1, Mirjan Petrusma1 

 
1
Microbial Physiology, Groningen Biomolecular Sciences and Biotechnology Institute 

(GBB), University of Groningen, Nijenborgh 7, 9747AG Groningen, The Netherlands 

2
Present address: Faculty of Life Sciences, Manchester Institute of Biotechnology, 

University of Manchester, 131 Princess Street, Manchester M1 7DN, United Kingdom 

 

  



 

Chapter 4 

140 

 

Abstract 

γ-Butyrolactones are small signalling molecules that regulate antibiotic 

production in streptomycetes. AfsA of S. griseus and related enzymes in other 

streptomycetes, such as ScbA in S. coelicolor, are key enzymes in the 

biosynthesis of these molecules, and catalyse the first condensation step of a 

fatty acid derivative and a glycerol derivative in the biosynthetic pathway. 

Amino acid residues E78, E240 and R243 in the putative active site of the ScbA 

protein have been identified as essential for enzyme activity. In this work we 

have constructed S. coelicolor strains with point mutations in the scbA gene 

located at its original position in the chromosome. This has resulted in 

identification of R81 as an additional essential residue in the ScbA putative 

active site. Furthermore, we have demonstrated that mutating the conserved 

R174 residue outside of the active site, in a putative structural loop, also 

resulted in loss of protein activity. This shows the importance of this residue in 

such an irregular structural motif, in the functionality of the ScbA protein. Our 

work provides a more detailed understanding of the complex structure–

function relationship of ScbA and related AfsA proteins.  
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Introduction 

Small signalling molecules called γ-butyrolactones play an important role in the 

regulation of antibiotic production and morphological differentiation in 

Streptomyces species. The Streptomyces coelicolor γ-butyrolactone signalling 

molecules (SCBs) are involved in the regulation of the production of the 

antibiotics Actinorhodin (Act) and Undecylprodigiosine (Red) (Takano et al., 

2001), and have a direct role in the regulation of the biosynthesis of the 

antibiotic coelimycin A and the structurally related yellow pigments coelimycin 

P1 and P2 (Takano et al., 2005, Gottelt et al., 2010, Gomez-Escribano et al., 

2012, Challis, 2014).  

The biosynthetic pathway leading to these signalling molecules has been 

described for Streptomyces griseus, producer of the first identified and most 

intensely studied microbial γ-butyrolactone, A-factor (Kato et al., 2007). AfsA is 

the key enzyme involved in the biosynthesis of A-factor and condensates a β-

keto acid derivative with a glycerol derivative (Kato et al., 2007). ScbA is the 

orthologous enzyme in S. coelicolor, sharing 65% amino acid identity with AfsA. 

ScbA is involved in SCB biosynthesis, evident from the effects of deletion of its 

gene from the chromosome of S. coelicolor: the scbA deletion mutant (M751) 

was unable to produce SCBs and showed an overproduction of Act and Red 

(Takano et al., 2001), and abolishment of production of the CPK antibiotic 

(Gottelt et al., 2010). Previously, several conserved residues in the putative 

active site of ScbA have been mutated by introducing point mutations in the 

scbA gene in an integrative plasmid in the M751 deletion strain. These scbA 

point mutant strains also were unable to produce SCBs, indicating the loss of 

ScbA enzyme activity (Hsiao et al., 2007).  

The gene encoding ScbA lies adjacent and divergently oriented from ScbR, 

encoding the SCB receptor protein. ScbR is an autorepressor that binds 

upstream of its own promoter region blocking its own transcription (Takano et 

al., 2001). ScbR also represses the growth phase-dependent transcription of 

scbA, and of cpkO, encoding an activator of expression of the CPK cluster, thus 

directly regulating the production of the CPK antibiotic (Takano et al., 2005, 

Gottelt et al., 2010). Expression of scbA and scbR is co-ordinately regulated: 

ScbA synthesises SCBs that bind to ScbR, blocking its DNA binding ability and 

thus allowing expression of both scbR and scbA (Chapter 2). Furthermore, ScbA 

also appears to control its own expression, since transcription of scbA was 
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abolished in a scbA deletion mutant strain which suggests that ScbA has an 

additional regulatory function (Takano et al., 2001).  

AfsA homologues are widely distributed in different Streptomyces species. 

Several of these AfsA homologues have been experimentally proven to 

participate in the synthesis of γ-butyrolactones by deleting their corresponding 

genes from the chromosome, resulting in loss of γ-butyrolactone production: 

BarX, in S. virginiae, producer of VBs (virginiae butanolide)(Lee et al., 2010); 

FarX, in S. lavendulae, producer of IM-2 (Kitani et al., 2010), JadW1 in S. 

venezuelae that produces SVB1 (Zou et al., 2014), ScgA in S. chattanoogensis 

(Du et al., 2011) and SagA in S. aureofaciens (Mingyar et al., 2015), producers 

of yet unidentified signalling molecules. All these mutant strains were affected 

in antibiotic production reflecting the role of these homologues in the 

regulation of secondary metabolism in their hosts. As AfsA, these homologues 

are thought to catalyse the first condensation step of a fatty acid derivative 

and a glycerol derivative in the biosynthesis of these signalling molecules. 

The ScbA protein sequence contains two AfsA repeats, characteristic of all AfsA 

homologues. These repeats have sequence similarity with the hot-dog domains 

characteristic of the superfamily of thioesterase/thiol ester dehydrase-

isomerase (Hsiao et al., 2007). FabA and FabZ are two fatty acid synthases 

members of this superfamily. Although they share weak overall sequences 

similarity with ScbA (15 and 13% of amino acid identity, respectively), the 

regions around the active sites of FabA and FabZ show significant similarity to 

the AfsA repeats of ScbA. Several catalytic residues and other conserved 

residues in the active site of the fatty acid synthases are also conserved in the 

AfsA repeats. Furthermore the hydrophobicity pattern of the AfsA repeats is 

similar to the active sites of FabA and FabZ. No crystal structure has been 

reported for any AfsA homologue or any other enzyme with high similarity; 

however, the crystal structures of FabA and FabZ have been determined. From 

their crystal structures, it is known that FabA and FabZ function as 

homodimers and contain two independent active sites located between the 

two subunits of the protein (Leesong et al., 1996, Kimber et al., 2004, Kostrewa 

et al., 2005). Given the considerable similarity of the putative active sites of 

ScbA with the FabA and FabZ active sites, a similar spatial arrangement of the 

two AfsA repeats is thought to occur in ScbA as well (Hsiao et al., 2007). 
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Alignment of the AfsA repeats of ScbA with those from other known 

homologues revealed several conserved residues (Hsiao et al., 2007). Residues 

E78 and E240 are conserved in both AfsA repeats of several AsfA homologues 

(Hsiao et al., 2007). Their equivalent residues in the FabA and FabZ active sites 

(an aspartate residue for FabA and a glutamate residue for FabZ) have been 

identified as catalytic residues (Leesong et al., 1996, Kimber et al., 2004, 

Kostrewa et al., 2005). The other catalytic residue described for FabA and FabZ 

is a histidine that is partially conserved only in the C-terminal AfsA repeat of 

the AfsA homologues but that is replaced by an arginine (R228) in ScbA 

(Leesong et al., 1996, Kimber et al., 2004, Kostrewa et al., 2005). Residues R81 

and R243 were also conserved in both AfsA repeats in the AfsA homologues 

analysed (Hsiao et al., 2007), but not in the FabA and FabZ active sites. These 

arginine residues may be determining the differences in function between the 

AfsA-homologues and FabA and FabZ. Residues E78, E240 and R243 have been 

mutated in scbA at its original locus in the chromosome which resulted in 

inability for SCBs production. This indicates a loss of enzyme activity confirming 

that they are essential residues (Hsiao et al., 2007, Hsiao, 2009). 

Although the involvement of the AfsA homologues in γ-butyrolactone 

biosynthesis in Streptomyces species is evident from gene deletion studies, 

little is known about their structure and actual function in the biosynthetic 

pathways of these signalling molecules. The enzymatic step catalysed by these 

enzymes has only been characterized for AfsA in S. griseus, and no crystal 

structures or mutagenesis studies for these proteins have been reported to 

date. In this work we identified conserved residues that are essential for the 

activity of ScbA. We have mutated conserved residues R81, R228 (in the 

putative active site) and R174, outside of the AfsA repeats, to assess their role 

in the activity of ScbA. Mutations R81K and R174H resulted in loss of SCBs 

production which lead to identify R81 and R174 as additional essential residues 

for ScbA protein functionality. Residue R174 was not located in the putative 

active site but in a predicted loop, which shows the relevance of such an 

irregular structural motif in the activity of the protein. These findings provide 

important new insights into the structure-function relationship of ScbA and the 

AfsA type of related proteins. 
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Materials and methods 

Bacterial strains and growth conditions 

Streptomyces coelicolor strains were grown and manipulated as described 

previously (Kieser et al., 2000). All the strains used are listed in Table 1. 

Escherichia coli strains JM101 and ET12567 were grown and transformed 

according to standard procedures (Sambrook et al., 1989). MS agar (Kieser et 

al., 2000) was used to make spore suspensions and for plating out 

conjugations.  

Construction of the scbA point mutants LW101, LW102, LW106 and 
LW146 

The QuikChange Site-Directed Mutagenesis protocol (Stratagene) was used to 

introduce the point mutations in the scbA gene (see table 1). The mutated 

scbA genes were subcloned into the NdeI/ BclI sites of pTE33 in case of the 

mutants LW101, LW102 and LW106, and in the PstI/NruI sites of pTE33 in case 

of LW146.  

The constructs were used to transform the methylation-deficient E. coli strain 

ET12567 and were transferred into S. coelicolor M145 by conjugation in order 

to introduce the mutated scbA gene in its original locus in the chromosome, by 

double cross-over recombination. Single cross-over exconjugants were 

selected by apramycin resistance, and after 3 rounds of growth in non-

selective media, double cross-over exconjugants were identified by screening 

for apramycin sensitivity to yield the mutant strains LW101, 102, 106 and 146.  

Reverse Transcription (RT)-PCR 

RNA was isolated according to the protocol described in Takano et al. (2005). 

Samples for RNA isolation were collected from liquid cultures of M145, M751, 

LW101, LW102, LW106 and LW146 grown in SMM medium at 30°C and 

220 rpm at mid-transition phase. cDNA synthesis was carried out as described 

in (Takano et al., 2005). Primers used are listed in Supplementary Table S2. 



 

ScbA point mutants 

145 

 

 

Table 1. Streptomyces coelicolor mutant strains with scbA point mutants at the original 
scbA locus in the genome, and primers used for scbA point mutagenesis (QuikChange 
Site-Directed Mutagenesis protocol, Stratagene). 

* pGEM-T cloning vector harboring scbA (Takano et al., 2001), ** pGEM-T cloning 

vector harboring scbA point mutant Arg243Lys (Hsiao, 2009). In bold and underlined, 

nucleotide change, *** pDRIVE cloning vector containing the scbA/scbR region (Bunet, 

2006). 

Kanamycin Bioassay 

Determination of γ-butyrolactone production in the various strains was 

performed by means of the kanamycin bioassay (Hsiao et al., 2009b). γ-

Butyrolactones were extracted with ethyl acetate from solid cultures of the 

different strains growing on 10 SMMS agar plates. These extracts were dried 

and resuspended in 40 µl of methanol. 5 µl were spotted onto DNA agar plates 

containing 4.5 µg/ml kanamycin inoculated with confluent lawns of the 

reporter strain LW16/pTE134 (2.6 x 106 spores). The plates were incubated at 

30°C for 2 days. For a detailed protocol see (Hsiao et al., 2009a).  This bioassay 

was performed on two biological replicates.  

Antibiotic production 

Media R2, SMMS (Kieser et al., 2000), and MSMMS (modified SMMS without 

casamino acids and supplemented with 325 mM glutamate (Gottelt et al., 

Strain Description  Source 

M145 Wild type  (Kieser et al., 2000) 

M752 
scbA deletion 

mutant 
 (Takano et al., 2001) 

Mutant 
strain 

Point 
mutation 

PCR 
template 

Primer 

LW101 Arg81Lys pIJ6143* 
F: TGCTGATCGCCGAGACCCTGAAGCAGGCGGCGATGCTCGT 
R: ACGAGCATCGCCGCCTGCTTCAGGGTCTCGGCGATCAGCA 

LW102 
Arg81Lys/ 
Arg243Lys 

pTE109** See LW101 

LW106 Arg228Ala pIJ6143* 
F: TCACCCGACCCTCTTCCAGGCCCCCAACGACCACGTACCG 
R: CGTGGTCGTTGGGGGCCTGGAAGAGGGTCGGGTGACTGGT 

LW146 Arg174His pTE71*** 
F: CAAGTCTACCGGCGGATGCACGGCGACTTCGCGACTC 
R: GAGTCGCGAAGTCGCCGTGCATCCGCCGGTAGACTTG 
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2010), were used to assess the antibiotic production of these strains in solid 

media. 1x108 spores of every strain were streaked out on the agar plates and 

incubated at 30°C. The plates were observed and documented at different 

times. Two independent experiments were performed.  
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Results 

Analysis of the ScbA model structure 

An updated version of the 3D structural model for ScbA (Hsiao et al., 2007) was 

constructed using the improved structure prediction tool Phyre2 (Kelley et al., 

2009) (Figure 1). The predicted structure consists of the two typical AfsA 

repeats. The putative active site of ScbA shows significant similarity with the 

active sites of the fatty acid synthases FabA and FabZ (Hsiao et al., 2007). Given 

this, and as shown in the model, it is likely that the ScbA structure is arranged 

in the same configuration as FabA and FabZ, and thus, the active sites appear 

to be located at the interface of the AfsA repeats. The region that connects 

both AfsA repeats is absent in both the FabA and FabZ dimers, but is present in 

other ScbA homologous proteins (see below). This connecting region appears 

as a loop in the model in Figure 1. Several types of loops have been described 

in literature (Ring et al., 1992, Fetrow, 1995). Loops are flexible structures and 

given their irregular conformation, structure prediction software cannot 

predict them accurately, and therefore it is not clear what type of loop ScbA 

presents or its precise position in the model. The residues targeted for point 

mutation in this and earlier studies (Hsiao, 2009) are shown mapped onto this 

structure in Figure 1.  

 
Figure 1. 3D structural model for the ScbA protein. The figure shows the predicted 
three-dimensional structure for ScbA showing the two AfsA repeats separated by a 
loop. Green, N-terminal AfsA repeat; Grey, C-terminal AfsA repeat; Dark blue, loop 
interdomain region. Residues T165 and T195 shown in light blue denote the loop 
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region. The residues mutated in this work and in (Hsiao, 2009) (E78, R81, R174, R228, 
E240 and R243) are shown with numbers and are depicted in red.  

The region that connects both hot-dog domains of the AfsA repeats is a 

conserved feature in the ScbA protein and its homologues: the sequence of the 

region between the AfsA repeats aligned well with the corresponding region 

from other ScbA homologues (Figure 2). Three strongly conserved amino acids 

were identified, Y170, R172 and R174, indicating that these residues are likely 

to be essential for the activity or structural integrity of the ScbA protein. No 

information about their functional roles is currently available.  

 

Figure 2. Alignment of the region between the two AfsA repeats in ScbA protein (31 
residues) with the corresponding regions of ScbA homologues in other 
Streptomycetes. Conserved residues are boxed. Amino acids are coloured on basis of 
their physico-chemical properties according to the Clustal X colour scheme. The 
residues conserved in all ScbA homologues analysed are indicated with an asterisk 
(Y170, R172 and R174). 

Construction of scbA point mutants in the S. coelicolor chromosome 

In this work, point mutations were introduced in scbA in its original locus in the 

chromosome of S. coelicolor to gain insight into the structure–function 

relationship of the key SCB biosynthesis enzyme ScbA.  

Residues R81, conserved in both AfsA repeats and not conserved in the FabA 

and FabZ active site, and R228, catalytic residue in FabA and FabZ, but 
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conserved only in the C-terminal AfsA repeat of ScbA, were replaced by lysine 

and alanine respectively (Figure 1). Some of the putative catalytic residues are 

present in both repeats, as is the case of R81 and R243. To assess the role of 

these repeated residues, a double mutant was also constructed, in which R81 

and R243 were both replaced by a lysine. The point mutated scbA genes were 

inserted in the chromosome of the wild type strain S. coelicolor M145 by 

double cross-over recombination thus replacing the wild type gene. Following 

this approach, mutant strains LW101 (R81K), LW102 (R81K/R243K) and LW106 

(R228A) were obtained that differed from the wild type M145 only by the 

point mutation(s) in the scbA gene, allowing phenotypical analysis of the 

effects of these mutations.  

We also targeted the conserved R174 residue located in the connecting region 

between the two AfsA repeats, in order to assess the function of a putative 

loop in the activity of the ScbA protein (Figure 1). Therefore, an additional 

ScbA mutant was constructed with the point mutation R174H. This mutation 

was inserted in the chromosome of the wild type strain M145 by double cross-

over recombination (thus replacing the wild type gene) to obtain the mutant 

LW146.  

The genotypes and description of all mutant strains used are shown in Table 1. 

Figure 3 shows a schematic representation of ScbA with the location of the 

different mutations.  

 

Figure 3. Schematic representation of the ScbA protein (arrow), and the location of 
the residues targeted by mutagenesis. The two putative AfsA repeats are shown as 
light grey boxes. Partial amino acid sequences of AfsA repeats are shown above ScbA. 
Partial sequence of the central region of the protein corresponding to a putative loop 
in the predicted 3D structural model for ScbA is shown below the protein. Conserved 
residues mutated in our experiments and in (Hsiao, 2009) are indicated in bold and the 
residue numbers are indicated on top.   
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All S. coelicolor mutant strains are unable to produce SCBs, except 
LW106 (R228K)  

The ability of the ScbA point mutant strains to produce SCBs was tested by 

means of the kanamycin bioassay (Hsiao et al., 2009b). Ethyl acetate extracts 

of the different strains were tested with this assay that makes use of a reporter 

strain, LW16 (scbA and scbR double deletion mutant), carrying the plasmid 

pTE134 that harbours a kanamycin resistance gene under the control of the 

cpkO promoter. The cpkO promoter is directly repressed by ScbR, also encoded 

on the plasmid. The presence of γ-butyrolactones in the extracts will result in a 

relief of the repression of ScbR over the cpkO promoter, and expression of the 

kanamycin resistance of the reporter strain. 

Mutant strains LW101 and LW146, with mutated putative catalytic residue R81 

(in the predicted active site) and residue R174 (in a putative loop connecting 

the AfsA repeats) respectively, failed to activate the growth of the reporter 

strain (Figure 4). This indicates that these strains are unable to produce SCBs 

and that residues R81 and R174 are essential for activity of the ScbA enzyme. 

Residue R243, corresponding residue to R81 in the C-terminal AfsA repeat, is 

also an essential residue (Hsiao, 2009). Not surprisingly, the double mutant 

LW102 (R81K/R243K) was also unable to produce SCBs. Interestingly, mutant 

LW106 (R228K) showed a halo of growth of the reporter strain around the spot 

where the extract was added indicating that this strain is able to produce SCBs 

(Figure 4). Although the R228 residue is highly conserved in one of the AfsA 

repeats, these results show that R228 is not an essential residue for the activity 

of the ScbA enzyme.  

 

Figure 4. Kanamycin assay for detection of SCBs production. Ethyl acetate extracts 
from the different mutant strains were spotted onto agar plates inoculated with the 
reporter strain. A halo of growth of the reporter strain indicates the presence of SCBs 
in the extracts. Methanol was used as a negative control.  

To analyse whether the mutated scbA genes are still expressed, we performed 

RT-PCR analyses. A scbA-specific PCR product was obtained for all strains 
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except for M751 (scbA deletion mutant) indicating that the other scbA mutant 

genes were expressed (Figure 5). It was previously reported that transcription 

of scbA was abolished in the scbA deletion mutant M751 which suggested that 

ScbA has an additional regulatory influence on its own expression (Takano et 

al., 2001). Our results show that residues R81 and R174, but not R228, are 

essential for the enzymatic activity of ScbA, and that none of the mutations 

affected the possible transcriptional regulatory function of ScbA. The observed 

lack of SCB synthesis in strains LW101, LW102 and LW146 thus is due to loss of 

ScbA enzyme activity. 

 

 

Figure 5. RT-PCR to determine the expression of scbA in the mutant strains LW101, 
LW102, LW106 and LW146. M, molecular weight marker; g, genomic DNA; 101, 102, 
106, 146, cDNA from the strains LW101, LW102, LW106 and LW146, respectively. 
Arrows indicate the amplification products for hrdB (expected size 550 bp) and for 
scbA (expected size 480 bp). 

Mutating conserved residues E78, E240, R81, R243 and R174 results in 
loss of coelimycin P2 production and affects Act and Red production  

The antibiotic phenotypes of all the scbA point mutant strains constructed in 

this work were compared to the wild type strain M145, to the scbA deletion 

mutant M751 and to the scbA point mutants described in Hsiao, 2009. All 

strains were grown on R2 and MSMMS solid media to observe the production 

of the pigmented antibiotics Act and Red, and the yellow pigment coelimycin 

P2. 

The mutant strain LW106 (R228A) was able to produce the yellow pigment 

coelimycin P2, comparable to the wild type strain M145. All the other strains 

showed absence of yellow pigment production, as observed for the scbA 

deletion mutant (Figure 6). Consistently, only LW106 was able to produce SCBs 
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(see section above and summary in Figure 6), while production of these 

signalling molecules in all the other mutant strains was not detected, which 

suggests that ScbA was not active. 

The point mutants were also affected in Act and Red production. LW101 

(R81K) and LW102 (double mutant R81K/R243K) showed an early production 

of both Act and Red, similar phenotype to the one observed for the scbA 

deletion mutant (Figure 6). The same antibiotic production profile was also 

obtained for the mutant strains LW29 (E78A) and LW30 (E240A) (Hsiao, 2009). 

The LW146 (R174H) phenotype also resembles that of ΔscbA, although 

production of Red was delayed in R2 medium. LW106 showed no difference in 

Act and Red production in comparison to the wild type, which agrees with the 

wild type production of SCBs in this strain.  

The observed phenotypes fully agree with the analysis of SCB production of 

the different strains. Together, the data show that residues R81, as well as 

R243, E78 and E240 (Hsiao, 2009), in the putative active site, are essential for 

ScbA activity for production of SCBs, while residue R228, conserved only in the 

C-terminal AfsA repeat, is not essential. Our data also corroborate that residue 

R174, not located in the putative active site but in a putative loop between the 

two AfsA repeats, is essential for the functionality of ScbA.  
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Figure 6. Phenotypes of the different S. coelicolor strains carrying chromosomal scbA 
point mutants. Production of Act, Red and Coelimycin P2 was studied on solid media 
(R2 and MSMMS). Production of SCBs as assessed by the kanamycin assay is indicated 
below the plates. Red, pink colouration; Act, blue and purple colouration; Coelimycin 
P2, yellow pigmentation. 

Phylogenetic studies with the putative loop in the ScbA interdomain 
region 

Replacement of residue R174 by a histidine resulted in loss of ScbA activity for 

the production of SCBs, thus suggesting that this residue is essential for ScbA 

functioning and that the putative loop between the two AfsA repeats has an 

important role for the activity of the enzyme.  

To further analyse this loop, a phylogenetic tree was constructed using the 

sequence between the AfsA repeats (amino acids 165 to 195) as input data. A 

Blast search was used to identify the homologues with the closest homology to 

the ScbA interdomain loop. The sequence of these homologues, as well as the 

sequence of some other characterised ScbA homologues were added to the 

phylogenetic tree (performed with the software MEGA6 (Tamura et al., 2013)). 

The ScbA interdomain loop clustered together with AfsA from S. lividans, and 

formed a separate group from the other closest homologues. The loops of the 
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other characterised enzymes (JadW1, ScgA, S. viridochromogenes AfsA, BarX, 

FarX, SrrX) formed a group together, more distant from ScbA. We compared 

the phylogenetic trees of the loops and the full sequences of ScbA homologues 

(Chapter 3) and observed that they have strong similarities (Figure 7). This 

result suggests that there is evolutionary pressure to conserve this loop and 

that therefore this putative loop is important for the activity or stability of 

these proteins.  
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Discussion 

ScbA is an AfsA homologue and key enzyme in the biosynthesis of γ-

butyrolactones in S. coelicolor (SCBs)(Hsiao et al., 2007). In this work, amino 

acid residues of ScbA were mutated in order to assess their function. This 

resulted in identification of two residues essential for the activity of the ScbA 

enzyme: residue R81, located in the N-terminal AfsA repeat in the putative 

active site, and residue R174, located in a putative loop connecting the two 

AfsA repeats. 

In a previous report, E78, E240 (corresponding residues in the N-terminal and 

C-terminal AfsA repeats respectively) and R243, conserved residues located in 

the putative active site of ScbA, had already been shown to be essential for 

enzyme activity (Hsiao et al., 2007, Hsiao, 2009). R81 and R228 also are 

conserved residues that were predicted to be functionally important for the 

protein (Hsiao et al., 2007). R81 is conserved in both AfsA repeats (with R243 

as its corresponding conserved residue in the C-terminal AfsA repeat), while 

R228 is only conserved in the C-terminal repeat. This paper reports the 

construction of additional scbA point mutants of these highly conserved 

residues and examines the effects of these mutations. Replacing these 

residues in scbA in its original locus in the chromosome confirmed the 

importance of residue R81 in the activity of the enzyme. Mutant LW101 (R81K) 

was unable to produce SCBs, and consequently did not produce the yellow 

pigment coelimycin P2, an amino acid adduct of coelimycin A biosynthesis 

pathway, production of which is directly activated by the SCBs. In contrast, 

mutant LW106 (R228K) produced SCBs and produced coelimycin P2, thus 

indicating that residue R228 is not essential for ScbA activity.  

Current knowledge about the structures of AfsA homologues is very limited 

and there are no reports of crystal structures for any of these proteins to date. 

The 3D structural model of the ScbA protein presented in this work, and as 

previously reported (Hsiao et al., 2007), shows that it presents two AfsA 

repeats in similar configuration as the crystal structures of the related fatty 

acid synthases FabA and FabZ. These fatty acid synthases function as 

homodimers with two independent active sites located at the dimer interface 

(Leesong et al., 1996, Kostrewa et al., 2005). The significant similarity between 

the AfsA repeats of ScbA and the region around the active sites of FabA and 

FabZ (Hsiao et al., 2007) suggests that the active sites of ScbA are located 
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between the two AfsA repeats. Alignment of the sequences of the connecting 

region between the AfsA repeats with those of other ScbA homologues 

showed that some residues in this region were strongly conserved. Here we 

show that the conserved residue R174 is essential for the activity of the ScbA 

enzyme: mutant strain LW146 (R174H) showed no SCBs production and was 

also unable to produce coelimycin P2. In addition, phylogenetic analysis of the 

sequence of this region in ScbA homologues showed similar clustering in the 

phylogenetic tree compared to the full sequence of ScbA, which suggests an 

important role for this region in the activity of the ScbA enzyme for production 

of SCBs. The 3D structural model also shows that the AfsA repeats in ScbA are 

connected by a loop. Loops have been reported to be essential for protein 

activity (affecting ligand binding, substrate specificity or substrate binding), 

protein stability and protein folding (Fetrow, 1995). Protein functionality 

depends on the correct folding of its structural motifs. Loops can participate in 

protein folding, although it is not yet known if loops are playing an active or 

passive role in folding (Fetrow, 1995). Whether the ScbA putative loop affects 

enzyme activity directly or instead helps to maintain the protein folding still 

has to be determined. 

ScbA is the key enzyme in the biosynthesis of SCBs, small molecules that are 

part of a complex regulatory circuit involved in controlling the timing of 

antibiotic production. The importance of ScbA and the SCB system in the 

production of Act and Red is evident from the remarkable differences in 

production observed when scbA and scbR were deleted from the chromosome 

(early overproduction and delayed production respectively) (Takano et al., 

2001). This was also evident in our results, since mutating conserved residues 

in the putative active site or in the loop of ScbA also resulted in changes in Act 

and Red production.  

This work provides insights into the structure–function relationship of the ScbA 

enzyme, essential for γ-butyrolactone biosynthesis in S. coelicolor, by mutating 

conserved residues in its putative active site and in a region connecting its two 

AfsA repeats. We have successfully identified additional residues that are 

essential for ScbA activity: residue R81, located in the N-terminal AfsA repeat, 

that may determine the functional differences between FabA and FabZ fatty 

acid synthases and AfsA homologues; and residue R174, which is located in the 

putative loop connecting region. This highlights the relevance of conserved 

residues in irregular motifs outside of the active site, in the activity or 
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structural integrity of a protein. These findings will contribute to a better 

understanding of the mechanism and function of ScbA and the AfsA 

homologues.  
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Supplemental Material 

 

Table S2. List of additional plasmids and primers used in this work 

Name Description Source 

pTE33 HindIII-XbaI 7.5 kb DNA fragment from 
pTE32 cloned in pKC1132 

Chapter 2 

 

Use Name Sequence 

RT-PCR 

 scbAscbC-fw 5´- AGTTCGACAGCCCGTGCTGG -3´ 

 scbAscbC-rv 5´- CCGCGCAGACCTCGACGTTC -3´  
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Abstract 

ScbR is the γ-butyrolactone receptor in Streptomyces coelicolor. It constitutes a 

key element of the SCB (Streptomyces coelicolor Butyrolactone) system, which 

regulates the synthesis of antibiotics in this bacterium. Several factors are 

known to regulate the transcription of the genes of the SCB system. Here we 

report the identification and characterization of an additional transcription 

start site for scbR (TSS2) that constitutes another regulatory factor and adds to 

the complexity of the regulation of this system. We have confirmed that 

growth phase–dependent transcription is taking place from TSS2 as well as 

from the original transcription start site (TSS1) under normal physiological 

conditions in the wild type strain M145, but not in M600, another wild type 

strain that shows delayed and reduced antibiotic production compared to 

M145. TSS2 has been mapped at 83 bp upstream of TSS1 and therefore results 

in a longer transcript. Our results strongly suggest that TSS2 has a role in 

transcriptional regulation of the SCB genes and provide new insights into the 

regulation of antibiotic production in these bacteria. 

  



 

165 

scbR TSS2 

Introduction 

Streptomyces species are one of the main sources of natural antibiotics with 

application in medicine. Antibiotic production in these bacteria is regulated by 

signalling molecules called γ-butyrolactones (Bibb, 2005, Takano, 2006). These 

are hormone-like small compounds that act in nanomolar concentrations by 

binding to their cytoplasmic receptor proteins preventing their binding to their 

DNA targets and thus initiating a regulatory cascade leading to antibiotic 

production. 

The γ-butyrolactones in Streptomyces coelicolor are known as SCBs 

(Streptomyces coelicolor Butyrolactones). Three SCBs have been characterised 

so far (SCB1, SCB2 and SCB3), and more are expected to be produced by this 

species (Takano et al., 2000, Hsiao et al., 2009b). SCBs directly regulate the 

production of the recently discovered antibiotic coelimycin (Takano et al., 

2005, Gottelt et al., 2010, Gomez-Escribano et al., 2012) and are also involved 

in regulating the production of the pigmented antibiotics actinorhodin (Act) 

and undecylprodigiosin (Red) (Takano et al., 2001, Takano et al., 2005).  

ScbR is the SCB receptor protein and the central element of the SCB system 

(Takano et al., 2001). It links the γ-butyrolactone system to the cascade of 

regulation leading to antibiotic production (Takano et al., 2001, Takano et al., 

2005). γ-Butyrolactone receptors belong to the TetR family of transcriptional 

repressors (Cuthbertson et al., 2013) and consist of a DNA binding domain and 

a regulatory ligand binding domain (Natsume et al., 2004). Crystallization of 

two γ-butyrolactone receptors homologous to ScbR has been reported; CprB, 

showing 32% of amino acid identity (Natsume et al., 2004, Bhukya et al., 2014), 

and BarA, showing 48% identity (Yoon et al., 2010). Only the structure of CprB 

has been determined to date. Based on this crystal structure, it is known that 

CprB binds to the DNA as a pair of dimers (Bhukya et al., 2014) and undergoes 

conformational changes upon binding of its ligand (the γ-butyrolactones). 

These conformational changes prevent its binding to the DNA, which in turn 

prevents repression of its specific targets (Natsume et al., 2004). CprB has 

been shown to bind to the upstream region of its own promoter by gel 

retardation analysis (Bhukya et al., 2014). Like CprB, ScbR binds to its own 

promoter region in a site designated as site R, repressing expression of its own 



 

166 

Chapter 5 

gene (Takano et al., 2001). SCBs prevent binding of ScbR to the DNA, and thus 

relieve this repression allowing the transcription of the scbR gene.  

In the genome of S. coelicolor, the scbR gene lies adjacent and divergent to 

scbA. The scbA gene encodes the key enzyme ScbA involved in the biosynthesis 

of the SCB signalling molecules. ScbA is homologous to fatty acid synthases and 

is thought to catalyse the first condensation step of a fatty acid derivative with 

a glycerol derivative in the first step of the SCB biosynthetic pathway (Hsiao et 

al., 2007). The SCB biosynthetic enzyme ScbA and the SCB receptor protein 

ScbR are mutually and co-ordinately regulated. ScbA controls the expression of 

ScbR by synthesising γ-butyrolactones that prevent ScbR auto-repression 

(Takano et al., 2001), and ScbR also controls the expression of scbA by binding 

to the promoter region of scbA in a site called site A. Through binding to site A, 

ScbR has a role in controlling the timing of expression of scbA (Chapter 2 of this 

thesis).  

In addition to controlling the transcription of its own gene and scbA, ScbR also 

controls the expression of the CPK cluster for the biosynthesis of the 

coelimycin A antibiotic and the yellow pigments coelimycin P1 and P2 (Takano 

et al., 2005, Gomez-Escribano et al., 2012, Challis, 2014). It represses the 

transcription of cpkO encoding a SARP (Streptomyces Antibiotic Regulatory 

Protein) activator of the cluster by binding to site OA in the promoter region of 

this gene. SCBs activate the expression of this gene and consequently of the 

cluster by preventing ScbR binding to site OA, relieving the repression. ScbR 

has also been reported to bind to an additional site in the promoter of cpkO, 

called site OB, although the role of ScbR through binding to this site is not yet 

known (Takano et al., 2005). An additional binding site for ScbR was found by 

in silico analysis in the promoter of the gene sco6268 or orfB, encoding for a 

putative histidine kinase. Binding of ScbR to this site has been experimentally 

proven (Bunet, 2006), but the functional consequences of this binding or the 

function of this protein is not known. 

The SCB system functions as a complex growth phase–dependent mechanism. 

In the exponential phase of growth scbR is transcribed at basal levels, i.e. not 

induced. The amount of ScbR present at this time is enough to bind to its 

binding sites repressing the transcription of its trans targets scbA and cpkO, as 

well as its own gene (Takano et al., 2001, Takano et al., 2005). During the 
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transition phase, transcription of scbA is activated by a still unknown 

mechanism. ScbA is then produced and starts synthesising SCBs. These 

signalling molecules then bind to their receptor protein ScbR. ScbR with bound 

SCBs is unable to bind to its target DNA, and the resulting loss of DNA-bound 

ScbR activates the expression of scbR (Takano et al., 2001) and cpkO. CpkO 

then activates the transcription of the CPK cluster resulting in the production 

of coelimycin (Takano et al., 2005, Gomez-Escribano et al., 2012).  

Regulation of the SCB cluster is complex, with multiple levels of complexity. 

Several proteins were reported to bind to the scbR–scbA intergenic region 

(Yang et al., 2008, Yang et al., 2009, Xu et al., 2010a, Xu et al., 2010b, van 

Wezel et al., 2011, Yang et al., 2012, Bhukya et al., 2014). Interestingly, two of 

these proteins are the ScbR homologues CprB and ScbR2, both sharing 32% 

identity with ScbR. CprB binds to the promoter region of scbR in site R. This 

protein is an autoregulator that presumably controls its own expression. Unlike 

ScbR, it does not bind γ-butyrolactones. CprB regulates Act and Red synthesis 

and it is also able to bind to the promoter region of cpkO, which suggests that 

it is also regulating the expression of the coelimycin gene cluster (Bhukya et al., 

2014). The gene coding for ScbR2 is located within the CPK gene cluster, which 

is directly controlled by ScbR (Takano et al., 2005). ScbR2 has been reported as 

a repressor of the CPK cluster, and its absence is associated with an 

overproduction of coelimycin (Gottelt et al., 2010). ScbR2 has also been 

described as a pseudo-butyrolactone receptor, since it is unable to bind γ-

butyrolactones (Xu et al., 2010b). In addition, ScbR2 binds to the promoter 

region of scbA blocking its transcription presumably in the last stages of 

growth (Wang et al., 2011). ScbR2 also binds to the promoter of cpkO 

repressing its transcription, and exerting another level of regulation in the 

expression of this gene cluster (Xu et al., 2010b). Interestingly, the ScbR2 

binding sites in the promoter regions of scbA and cpkO overlap in most of their 

sequences with the ScbR binding sites (site A and site OB).  

Furthermore, the transcripts of the adjacent and divergently oriented scbA and 

scbR overlap by 53 nt. These overlapping transcripts may result in an antisense 

RNA that, in a still unknown way, could also influence the expression of these 

genes and could provide an additional level of regulation for their transcription 

(Chatterjee et al., 2011). Antisense RNAs (asRNAs) have several regulatory 
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functions in transcription and in some cases may affect protein translation 

(reviewed in Storz et al. (2004), Thomason et al. (2010), Lybecker et al. (2014)). 

S. coelicolor A3(2) M145 and M600 are two wild type strains that lack the 

plasmids SCP1 and SCP2. These strains 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 and Red synthesis compared to M145 

but the factors influencing this antibiotic phenotype are unknown. 

Interestingly, another form of ScbR exists in M600, with a single amino acid 

substitution (Gottelt et al., 2012). However, this alternative form of ScbR 

(ScbRM600) is not responsible for the differences in antibiotic phenotype 

between these two strains: a M145 strain in which scbR was exchanged for the 

scbRM600 gene displayed the same antibiotic phenotype as the wild type M145 

strain. However, the DNA binding ability of ScbRM600 was shown to be reduced, 

compared to that of ScbRM145 (Gottelt et al., 2012).  

In most cases several levels of regulation are in place to achieve a tight and 

efficient control of gene expression. Regulation of the SCB system is no 

exception and involves a network of interconnected transcription factors, as 

well as a putative functional antisense RNA. In this work, we have found an 

additional level of regulation influencing the expression of scbR. We have 

identified an alternative transcription start site (TSS2) and demonstrated that 

transcription is taking place from this site. Transcription from TSS2 was 

induced in the wild type strain M145 in the transition phase of growth, while 

transcript levels were detected in basal (not induced) levels in the wild type 

strain M600. Furthermore, a decrease in the scbR transcript levels was 

detected in strain M600 compared to M145 from the original transcription 

start site (TSS1). TSS2 mapped at 83 bp from the previously identified TSS1 

(Takano et al., 2001) yielding a longer scbR transcript. Based on our data, it is 

likely that TSS2 plays a role in regulation of scbR transcription and thereby in 

regulation of antibiotic production. The data presented here provide new 

information that will aid in understanding the complex regulation of antibiotic 

biosynthesis in S. coelicolor.  
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Material and methods 

Strains and growth conditions 

S. coelicolor wild type strains M145 and M600 were manipulated as previously 

described (Kieser et al., 2000). MS agar (Kieser et al., 2000) was used to make 

spore suspensions. Time series experiments were performed in SMM liquid 

medium, at 30°C and 220 rpm (Takano et al., 2001) for isolation of RNA. 

Growth was monitored every two hours from 16-26 h and at 42 h of incubation 

and the optical density at 450 nm (OD450) of the cultures was measured. 

Samples for RNA isolation were collected at OD450 corresponding to different 

phases of growth. Antibiotic production was assessed by growing the strains in 

solid media MSMMS (without casamino acids and supplemented with 325 mM 

glutamate) (Gottelt et al., 2010) and R2 (Kieser et al., 2000) after incubation at 

30°C.  

Kanamycin bioassay 

The kanamycin bioassay was performed to test the S. coelicolor strains M145 

and M600 for production of SCBs (Hsiao et al., 2009b). The reporter strain 

LW16/pTE134, a scbA and scbR double deletion mutant, carrying the plasmid 

pTE134 was used for this bioassay. This plasmid pTE134 contains a kanamycin 

resistance gene under the control of the cpkO promoter which is directly 

repressed by ScbR, also encoded in the plasmid. Thus, the kanamycin 

resistance of this reporter strain is only activated when γ-butyrolactones are 

present and prevent the repression over the cpkO promoter.  

Ethyl acetate extracts were prepared from cultures on SMMS agar plates.  

1.3∙109 spores of the wild type strains M145 and M600 were inoculated in 10 

SMMS agar plates (12 x 12 cm) and were incubated at 30°C for 2 days. The 

extracts were dried and resuspended in 100 µl methanol. Of these extracts, 

4 µl were spotted onto DNA agar plates containing 4.5 μg/ml kanamycin 

inoculated with confluent lawns of the reporter strain LW16/pTE134 (2.6 x 106 

spores). The plates were incubated at 30°C for 2 days (Hsiao et al., 2009a).  
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RNA sequencing 

The RNA sequencing data used in this work is the one reported previously in 

Vockenhuber, 2011. Details on RNA isolation, preparation of the cDNA library 

and RNA sequencing can be found in that publication (Vockenhuber et al., 

2011).  

Quantitative Reverse Transcription PCR (qRT-PCR) 

RNA was isolated from SMM liquid culture samples at different phases of 

growth as described in (Kieser et al., 2000). For each sample, 20 µg of RNA 

were treated with 10 U of DNAseI (Roche) to remove DNA. RNA integrity and 

absence of DNA was assessed by electrophoresis in an agarose gel and by PCR, 

and its concentration measured using a nanodrop spectrophotometer (Thermo 

Scientific). Gene and strand-specific cDNA was synthesized using an 

engineered reverse primer including a tag (See primers list in Table S1) 

according to (Purcell et al., 2006). cDNA synthesis was performed as described 

in (D'Alia et al., 2010).  

qRT-PCR experiments were performed using the BioRad CFX96 Real Time PCR 

Detection System. The reaction mixture included 2X IQ-SYBR Green Supermix 

(BioRad), 1 µl of cDNA (10 ng), 5 pmol of each primer and sterile RNAse-free 

water to a final volume of 12 µl. The hrdB gene, encoding for the RNA 

polymerase main sigma factor, was used as reference gene and all expression 

data was normalized to its mRNA levels. Analysis of the data was performed 

using the CFX Manager Software from BioRad. Primers used are listed in Table 

S1. 

5´RACE 

5’RACE was performed to map the transcription start site(s) of scbR using the 

Roche 5’/3’RACE kit, 2nd Generation, following the manufacturer’s instructions. 

Briefly, first-strand gene-specific cDNA was synthesised using primer GSP1. 

This cDNA was re-amplified in 4 nested PCRs using primers GSP2, GSP3 and 

GSP4 (Table S1). The PCR products were gel-purified and sequenced. 
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Gel retardation assays 

Gel retardation assays were performed as previously described (Takano et al., 

2001, Gottelt et al., 2012) using the Roche DIG Gel Shift Kit (2nd Generation). To 

obtain the probes, S. coelicolor M145 genomic DNA was used as template to 

amplify a 147 bp DNA fragment that included the site R (using primer pair 

ETS6-ETS8, promoter 1), and a 200 bp DNA fragment including the sequence 

upstream the secondary TSS (using primer pair Rp2F-Rp2R, promoter 2). These 

PCR fragments were gel-purified and DIG-labelled according to the 

manufacturer’s instructions.   
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Results 

Transcription from a second TSS for scbR was detected by qRT-PCR 

The transcription start site (TSS1) for scbR in S. coelicolor M145 was previously 

identified at 123–124 nt upstream of the scbR ATG start codon (Takano et al., 

2001). However, RNA sequencing data obtained from this strain suggested the 

existence of an alternative transcription start site (TSS2) resulting in a longer 

transcript that starts 83–84 bp further upstream from the previously identified 

TSS for scbR (Vockenhuber et al., 2011). The guanidine (G) at 207 bp upstream 

from the ATG would correspond to the +1 nucleotide, first nucleotide of this 

TTS2 transcript.  

 

Figure 1. Schematic representation of the intergenic region between scbA and scbR in 
S. coelicolor. Genes are depicted as grey rectangles. Transcription start sites (TSS) are 
shown as bent arrows. The grey dashed line represents the scbR transcript detected by 
RNA sequencing. Solid and dashed black lines represent the amplicons targeted in the 
qRT-PCR experiments and the regions amplified in the 5´RACE experiments.  

To determine whether transcription occurs from the putative TSS2, strand-

specific qRT-PCR experiments were performed targeting the region directly 

downstream of TSS2. S. coelicolor M145 RNA samples from different times of 

growth in liquid medium (see supplementary figure S1), were used to 

synthesise tagged gene-specific cDNA thus allowing strand specificity (Purcell 

et al., 2006). Expression of scbR from a region downstream TSS1 was also 
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analysed to compare the levels of expression in both regions. The regions 

targeted in these experiments are shown in Figure 1.  

Transcription was detected from TSS2 in S. coelicolor M145. The transcript 

levels show an induction in transition phase of growth. Interestingly, the 

expression profile of scbR from TSS1 was comparable to that of TSS2, which 

suggests that they are not independent transcripts, or that their transcription 

is regulated by the same factors (Figure 2). 

 

Figure 2. Relative quantification of the transcription levels of scbR from TSS1 and 
TSS2 by qRT-PCR in S. coelicolor wild type strains M145 and M600. Expression levels 
are shown as fold change compared to the levels of expression detected in the sample 
at exponential phase of growth. *, indicates samples used as reference for each target. 

Transcription from TSS2 occurs in basal levels in S. coelicolor M600 

S. coelicolor M600 is a wild type strain that differs from the M145 strain in its 

antibiotic phenotype; Act and Red synthesis is delayed in strain M600 

compared to M145 ((Gottelt et al., 2012) and Figure 3). ScbR of S. coelicolor 

M600 (ScbRM600) differs from ScbR of M145 (ScbRM145) in one amino acid. This 

alternative form, however, is not responsible for the differences in antibiotic 

phenotype in both strains (Gottelt et al., 2012). Instead, these differences in 

phenotype are possibly due to a differential expression of scbR in both strains. 

To test this hypothesis, scbR transcription analyses by qRT-PCR were also 

performed on samples of the M600 strain, grown under the same conditions 

as described above.  

Transcript levels of scbR from TSS1 in strain M600 were reduced compared to 

the transcript levels detected for the strain M145. The transcript levels from 
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TSS2 in M600 were maintained at a basal level and therefore not induced 

(Figure 2), differing from the expression profile obtained for the strain M145. 

To assess whether the differential expression of scbR from TSS1 and TSS2 in 

both strains was due to a different nucleotide sequence in the promoter 

regions, we analysed the sequence upstream of their TSS2. The sequence in 

the intergenic region of scbR and scbA, and the region upstream of the TSS1, 

including the ScbR site R, was previously shown to be identical in both M145 

and M600 strains (Gottelt et al., 2012). We analysed a region 543 bp upstream 

of the TSS2 in both M145 and M600. The nucleotide sequences in these 

regions were also identical in both strains (data not shown). The difference in 

scbR expression is therefore not due to a different sequence of nucleotides in 

the promoter regions of the two strains, but most likely to a different 

mechanism of regulation present in both strains. 

Coelimycin synthesis is delayed in S.coelicolor M600 compared to 
M145 

ScbR directly controls the expression of the CPK gene cluster for the synthesis 

of the antibiotic coelimycin. To determine whether the reduced levels of scbR 

transcript detected in the strain M600 compared to M145 have an effect on 

the synthesis of coelimycin, the production of the yellow compound coelimycin 

P2 (Gomez-Escribano et al., 2012), was followed in solid media. As shown in 

Figure 3, production of the yellow compound coelimycin P2 was considerably 

delayed in strain M600 compared to M145, resembling the phenotype 

observed for the ΔscbR mutant strain (Takano et al., 2001). 

 

Figure 3. Antibiotic phenotype of S. coelicolor wild type strains M145 and M600 
grown in solid media MSMMS and R2. 
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S. coelicolor M600 produces SCBs in similar amounts as M145 

The amounts of ScbR and SCBs produced in a cell are dependent on each 

other: ScbR influences the amount of SCBs produced by modulating the 

transcription levels of scbA (chapter 2), and the amount of scbR transcript 

present also depends on the levels of SCBs in the cell, since the SCBs prevent 

ScbR self-repression (Takano et al., 2001). To test if the reduced levels of scbR 

transcript detected in M600 result in a variation in the amount of SCBs 

produced in this strain, extracts from M600 were tested for presence of SCBs 

by means of the kanamycin bioassay (Hsiao et al., 2009b).  

Extracts from the strain M600 produced a halo of growth of the reporter 

strain, which indicates that this strain is able to produce SCBs (Figure 4). The 

size of the halo observed is comparable to the halo observed for M145 

extracts, which indicates that similar amounts of SCBs are produced by these 

two strains.  

 

Figure 4. Kanamycin bioassay to test the production of SCBs by S. coelicolor strains 
M145 and M600. Ethyl acetate extracts from cultures of the wild type strains M145 
and M600 were tested with the kanamycin bioassay. Methanol was used as a negative 
control. The halo of growth indicates the presence of SCBs in the extracts.  

TSS2 of scbR has been mapped 83 bp upstream of TSS1  

5´RACE experiments were performed in order to map TSS2 of scbR (TSS2) in 

the wild type strain M145, using the same RNA samples used for the qRT-PCR 

experiments. Gene-specific cDNA was synthesised using a reverse primer 

annealing 297 bp from the scbR TSS1. This cDNA was amplified in several 

nested PCR reactions using primers GSP2, GSP3 and GSP4 (Table S1), and the 

resulting reaction mixes were separated by agarose gel electrophoresis to 

observe the amplified products. 
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The fourth nested PCR reaction yielded two main amplification products as 

seen by agarose gel electrophoresis (Figure 5), which indicates the presence of 

two scbR transcripts of different lengths. The PCR products (of approximately 

170 bp and 250 bp) corresponded in length to the expected transcript size 

from TSS1 and from TSS2, respectively. Their 5’ ends were mapped by 

sequencing to the cytosine 124 bp upstream of the scbR translational start site 

for the shorter product, which corresponds to the previously reported TSS1 for 

scbR, and at the guanidine at 207 bp upstream of the scbR translational start 

site for the longer product. Thus, the TSS2 maps 83 bp upstream of TSS1 and 

207 bp from the translational start codon for scbR. 

Additional PCR products of smaller size (around 100 bp) were observed that 

varied in length in different experiments which indicates that they are 

unspecific products, probably obtained from RNA degradation, or products of 

an early termination of the cDNA synthesis.  

 

  

In silico analysis of the sequence upstream of TSS2 

The sequence upstream of the TSS2 was analysed in silico. A sequence similar 

to the –10, –35 consensus for the binding of the main sigma factor HrdB in 

Streptomyces was found (Figure 6), indicating that this is a putative promoter 

region (scbR promoter 2).  

Figure 5. 5´RACE results for mapping 
transcription start site 1 and 2 of scbR of S. 
coelicolor. 2% agarose gel showing the PCR 
products from the 4

th
 nested PCR amplification. 

Arrows on the left indicate the two main bands 
obtained and they correspond to the products 
from TSS1 and TSS2. M, Molecular weight 
marker. TP, time points; E, exponential phase; 
TRAN, transition phase. 
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ScbR regulates its own transcription by binding to site R upstream of its own 

promoter region (scbR promoter 1) (Takano et al., 2001) (Figure 6). ScbR2 

binds to the promoter region of scbA (site A) and cpkO (site OB) in regions 

overlapping the binding sites of ScbR (Wang et al., 2011). To search for 

possible binding sites in the scbR promoter 2, the sequence of the region 

upstream of TSS2 was compared to the ScbR and ScbR2 binding sites. Two 

sequences that resembled the ScbR and ScbR2 binding consensus sequences 

were found in this second promoter region. These sequences were aligned 

with the sequences of the other known ScbR and ScbR2 binding sites (site R, 

site OA in the promoter region of cpkO, porfB in the promoter region of gene 

sco6268, site A and site OB) (Takano et al., 2001, Takano et al., 2005, Wang et 

al., 2011). The first sequence found upstream of TSS2 (sequence 1 in Figure 6) 

showed only partial similarity with the ScbR and ScbR2 binding consensus. 

Further upstream, the second sequence, with higher similarity to the ScbR 

consensus, presented a fully conserved 5´motif AACCGG, while only two 

nucleotides of the 3´ inverted repeat were present (sequence 2). This 

alignment suggests that there is an ScbR binding site in promoter 2.  
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Figure 6. A, Sequence of the scbA/scbR intergenic region in S. coelicolor. The putative 
–10 to –35 regions are shown (underlined sequences). Bent arrows indicate 
transcription start sites (TSS). Site R and putative additional ScbR binding sites are 
indicated with boxes. B, Alignment of the scbR promoter 2 with other known ScbR 
binding sites. The ScbR binding consensus sequence is indicated in bold.  
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ScbR is unable to bind to the DNA region upstream of TSS2 

Comparison of the sequence upstream of TSS2 with the ScbR binding 

consensus sequence, revealed putative ScbR binding sites upstream of TSS2. 

To assess whether ScbR binds to these sites in vitro, gel retardation assays 

were performed using a DIG-labelled DNA fragment spanning a 244 bp DNA 

fragment upstream of TSS2 (promoter 2) and recombinant ScbR. A PCR-

fragment including ScbR binding site R was used as positive control (promoter 

1). 

No binding was detected for ScbR in the DNA fragment upstream of TSS2, 

while ScbR did bind to site R (promoter 1) (Figure 7). This indicates that 

transcription from TSS2 is not directly controlled by ScbR itself.  

 

Figure 7. Gel Retardation Assay. A. Schematic representation of scbA/scbR intergenic 
region showing the location of the probes used for the Gel Shift experiment (promoter 
1 and promoter 2). B. Gel Retardation assay using crude extracts of E. coli 
JM101/pIJ6120 (two different stocks, numbered 1 and 2). NP, no protein, negative 
control.  
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Discussion 

ScbR is the γ-butyrolactone receptor protein in S. coelicolor, the central 

element of the SCB system regulating antibiotic production. Its transcription 

start site (TSS) was previously identified at 123–124 bp upstream of the scbR 

coding region (Takano et al., 2001). In this work, by analysing RNA sequencing 

data, we have identified an additional transcription start site (TSS2) for scbR in 

strain M145 and have demonstrated that transcription is taking place from this 

TSS2. While sequences similar to the ScbR binding consensus have been found 

in the region upstream of TSS2, experimental evidence showed that ScbR is not 

binding to this region, and therefore transcription from TSS2 is not directly 

controlled by ScbR. 

Alternative start sites are often present to control expression of genes under 

different conditions (reviewed in Schibler et al, (1987), and Ayoubi et al, 

(1996)). Several cases of individual genes controlled by various promoters have 

been reported in Streptomyces species (Buttner et al., 1987, Vogtli et al., 1987, 

Janssen et al., 1990, Li et al., 1990). Here we have identified a second 

transcription start site for scbR and demonstrated that the TSS2 transcript is 

present under the conditions tested.  

S. coelicolor M145 and M600 are two wild type strains that differ in antibiotic 

production. Production of Act and Red is delayed and reduced in M600 

compared to M145 (Gottelt et al., 2012), comparable to the phenotype 

observed for the scbR deletion mutant M752 (Takano et al., 2001). Here we 

show that the production of the yellow pigment coelimycin P2 was strongly 

delayed in M600, as was that of the other antibiotics. ScbR from M600 

(ScbRM600) differs from ScbR from M145 (ScbRM145) in one amino acid. However, 

replacing ScbRM145 by ScbRM600 in the M145 genetic background resulted in 

similar antibiotic production as in M145 with its native ScbRM145, which 

indicates that this different form of ScbR is not responsible for the differences 

in phenotype between these two wild type strains (Gottelt et al., 2012). In our 

work, we show different expression profiles for scbR in both strains. scbR 

transcription in M145 increases in transition phase of growth while in M600 

the levels of scbR transcript are reduced from the TSS1 in comparison with 

M145, and detected at basal levels from TSS2. The different phenotypes of 

these two wild type strains thus may be caused by the different expression of 
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scbR. The sequences upstream of TSS2 in both strains were identical, which 

indicates that the differential expression of scbR in both strains is not due to 

the presence of nucleotide changes in their regulatory promoter regions. 

Furthermore, an additional unknown regulatory factor that may be present in 

the M145 wild type strain but absent in M600 could be responsible for the 

differences in scbR expression between both strains. This regulatory factor has 

not yet been identified, but any of the proteins known to bind to the promoter 

region of scbA/R (Yang et al., 2008, Yang et al., 2009, Xu et al., 2010a, Xu et al., 

2010b, Yang et al., 2012) are possible candidates affecting indirectly the 

transcriptional regulation of scbR as pathway specific regulators. However, it is 

also possible that the regulatory factor absent in M600 is a global regulator 

that affects the regulation of synthesis of all secondary metabolites in this 

strain.  

The expression profile of the transcript from TSS2 was similar to the one from 

TSS1, which suggests common regulation of these transcripts. ScbR is an 

autoregulator that controls transcription of its own gene by binding to site R 

upstream of its own promoter region (promoter 1). In silico analyses of the 

sequence upstream of TSS2 (promoter 2) showed putative binding sites for 

ScbR. These sites do not show complete identity with the scbR binding 

consensus sequence; however, a fully conserved sequence is not always 

necessary for efficient ScbR binding: site A and site OB, experimentally proven 

to be ScbR binding sites (Takano et al., 2001, Takano et al., 2005), also do not 

completely match this consensus sequence (Figure 6). However, experimental 

evidence showed that ScbR was not able to bind to the region upstream of 

TSS2. This indicates that ScbR is not regulating expression of scbR from TSS2 by 

binding to promoter 2. ScbR2 and CprB are two ScbR homologues that are able 

to bind to the promoter region of scbR. ScbR2 binding sites found in the 

promoter region of scbA and upstream of the promoter region of cpkO overlap 

in most of their sequences with the ScbR binding site (Wang et al., 2011). Gel 

retardation assays have shown that in vitro ScbR2 is able to bind to site R, 

although higher amounts of recombinant ScbR2 protein (in the order of µg) 

were needed to produce a shift compared to ScbR (in the order of ng) (Bunet, 

2006). Furthermore, CprB was reported to bind to site R in the promoter 

region of scbR (Bhukya et al., 2014). Further experimentation is needed to 

determine whether ScbR2 and CprB are also able to bind to promoter 2 and to 
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assess the possible involvement of these proteins in the regulation of 

expression from TSS2. 

The SCB system is controlled by a complex regulatory circuit where ScbA and 

ScbR mutually regulate each other’s transcription (Takano et al, 2001, and 

Chapter 2 of this thesis). Their encoding genes lie adjacent and divergently 

oriented on the chromosome. The transcripts of scbA and scbR overlap by 

53 bp, and these overlapping transcripts supposedly result in a short antisense 

region (Chatterjee et al., 2011). Antisense RNAs (asRNAs) have several 

regulatory functions in transcription and in some cases can affect protein 

translation (reviewed in (Storz et al., 2004, Thomason et al., 2010, Lybecker et 

al., 2014)). The effects of the asRNAs depend partly on their length; the longer 

the asRNA, the more effective it will be (Tatout et al., 1998, Rasmussen et al., 

2007). Transcription from TSS2 of scbR yields a longer overlapping region 

between scbA and scbR transcripts. As a result also the scbA/scbR antisense 

region is expected to be longer and presumably more effective in influencing 

the transcription of these genes. TSS2 may therefore provide an additional 

layer of regulation for the expression of these genes.  

In conclusion, we have identified an additional transcription start site for scbR 

(TSS2), have proven that it functions in scbR gene expression, and have 

mapped its 5´ end. Different levels of regulation are known to control the 

expression of the key proteins of the SCB system. This work contributes to the 

further unravelling of this complex regulatory circuit controlling antibiotic 

production and the intriguing functioning of the SCB system in S. coelicolor.  
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 Supplementary material 

 

Table S1. List of primers used in this work 

Use Name Sequence 

qRT-PCR experiments 

 RqrtRtag 5'-GCTATCGCCAGCTAGACTCATGCCTGCCTCCTTGTT-3' 

 RqrtF 5'-TCATGTGATGCCGAGCTG-3' 

 scbRTIS2rv-tagged 5'- GCTATCGCCAGCTAGACTCATGCCCGAAGCAGTAGT-3' 

 scbRTIS2fw 5'- GGACAAGCGCCATCGGAA-3' 

 hrdBrtoutfw 5'-CATGCGCTTCGGACTCA-3' 

 hrdBrtoutrv-tagged 5'-GCTATCGCCAGCTAGACTCATGACTCGATCTGGCGGATG-

3' 

 cDNA-tag 5'- GCTATCGCCAGCTAGACT -3'   

RACE experiments 

 RACE_cDNA_scbR-R 

(GSP1) 

5'- CAGCGCCAGTTCTTCCTT -3' 

 GSP2_scbR-R 5'- GGACTGGAAGTGGAAGTAGA -3' 

 GSP3_scbR-R 5'- CGGCCACCTTGAGGATCT -3' 

 GSP4_scbR_R 5'- ATCGTGGCAGCTTGGTAG -3' 

 GSP5_scbR_R 5'- CATGCCTGCCTCCTTGTT -3' 

Gel Retardation Assays 

 ETS6 5'- ATACAGAACAGCTCGGCATCAC -3' 

 ETS8 5'- CTGCACCCTGGTCCGGTGGACA -3' 

 Rp2F 5'- GTTCCGATGGCGCTTGTC -3' 

 Rp2R 5'- GCGTGGAAGACGAGCATC  -3' 
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Figure S1. Growth curves of wild type strains M145 and M600 in SMM medium. 
Samples were collected at the time points indicated on top of the curves (1 to 3). The 
phase of growth that corresponds to each time point is indicated at the top as EXP, 
exponential phase, and TRAN, transition phase.  
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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 



 

Summary and concluding remarks 

     193 

 

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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Bacterial communication and synthesis of antibiotics 

Communication is an essential feature for all living organisms. Bacteria in 

particular, communicate with small chemical compounds. As unicellular 

organisms, survival of bacteria as single individuals is challenging and they 

need to “team up” with other members in a population to synchronise their 

behaviour and thus improve their chances for survival in the environment. For 

this purpose, bacteria communicate with each other using small signalling 

molecules that they release into the environment for others to perceive “the 

message”.  

During their life cycle bacteria employ two different metabolic processes: 

primary and secondary metabolism. In their primary metabolism bacteria 

synthesise chemical compounds that are essential for the life of the bacteria, 

to grow and multiply. Primary metabolism takes place in a phase of growth 

when there are sufficient nutrients in the medium and bacteria are able to 

grow and multiply exponentially, producing increasing numbers of cells. This 

phase of growth is called exponential phase. Secondary metabolism takes 

place in the stationary growth phase. In this phase the nutrients are scarce, 

and therefore bacteria cannot grow or multiply exponentially and their growth 

curve reaches a plateau phase. Secondary metabolism is characterised by the 

synthesis of compounds that are not essential for growth, but that provide 

bacteria with a special advantage against other organisms around them, such 

as special enzymes to degrade toxic compounds or antibiotics to eliminate 

competitors.  

Streptomyces are soil bacteria that produce many different antibiotics to 

efficiently compete against other microorganisms as a mechanism of survival 

in their environment. This feature is in fact what makes these bacteria of great 

biotechnological interest. With increasing numbers of antibiotic resistant 

pathogenic bacteria emerging, the need to find new antibiotics with new 

structures is becoming urgent. Most of the natural antibiotics that are 

currently in use in medicine are produced by Streptomyces species and these 

bacteria are predicted to be able to produce many more novel bioactive 

compounds. This makes Streptomyces a very interesting focus of research.  

Streptomyces bacteria communicate with each other in order to produce 

antibiotics at the stationary phase of growth. Antibiotic production becomes 

more efficient when a group of bacteria synchronise and coordinate their 
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synthesis. They communicate by synthesising and releasing signalling 

molecules called γ-butyrolactones that carry the message and can diffuse out 

of the “sender” cells and into the “receiver” cells. The bigger the cell 

population grows, the higher the concentration and the stronger the effects of 

these signalling molecules. Back inside the cell, these signalling molecules are 

sensed by specific receptor proteins. These proteins bind to the signalling 

molecules and transmit the message to other proteins that will activate the 

production of antibiotics. These diffusible signalling molecules perform their 

action in very small amounts (in the nano-molar range of concentration) and 

therefore are also referred to as bacterial hormones. Current knowledge about 

the roles of these signalling molecules in antibiotic synthesis in Streptomyces is 

reviewed in chapter 1. 

The SCB signalling system controls the synthesis of antibiotics 

Streptomyces coelicolor is the most studied Streptomyces species. It produces 

the pigmented antibiotics actinorhodin (Act; blue pigmented) and 

undecylprodigiosin (Red; red pigmented), as well as the antibiotic coelimycin. 

In addition, its genome carries many more cryptic (non-expressed) gene 

clusters for secondary metabolites. The γ-butyrolactones in this species are 

called SCBs (Streptomyces coelicolor Butyrolactone). They directly control the 

synthesis of the antibiotic coelimycin, and are also involved indirectly in the 

control of Act and Red synthesis. The timing of antibiotic production is tightly 

controlled and involves several levels of regulation including the effect of the 

SCB system. The regulatory mechanism of this communication system in S. 

coelicolor is not fully understood. Detailed understanding of the functioning of 

the SCB system will allow us to develop new strategies to manipulate or 

engineer pathways for the synthesis of antibiotics, as well as for finding new 

antimicrobial compounds in Streptomyces by awakening cryptic gene clusters 

for secondary metabolites.  

In all living cells genetic information is encoded in the DNA in the form of 

genes (specific DNA fragments). To be functional (expressed) the information 

that these genes carry needs to be transcribed and translated to synthesise 

proteins. For the information encoded in a gene to be translated to proteins, a 

copy of that gene has to be made in the form of another macromolecule, the 

RNA. This RNA version of the gene is then called a transcript or messenger RNA 

(mRNA). This process is called transcription (synthesis of transcripts, or mRNA 
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copies of the genes) and starts at specific points in the DNA called transcription 

start sites located near the start of the genes. These mRNA transcripts are 

translated into proteins by ribosomes that synthesise linear chains of amino 

acids according to what they “read” in the mRNA transcript. Proteins consist of 

chains of amino acids that are responsible for carrying out the functions 

encoded by the genes. Some proteins act as regulators while others act as 

catalysts of chemical reactions. The latter are called enzymes and work by 

transforming one given chemical compound (substrate) in a new modified 

version of that compound (product).  

In the particular case of S. coelicolor and the SCB system, the genetic 

information is encoded in the genes scbA and scbR that are translated into the 

proteins ScbA and ScbR. ScbA and ScbR are the main proteins involved in the 

SCB communication system in Streptomyces coelicolor. The signalling 

molecules SCBs are synthesised by the enzyme ScbA, the sender, in the 

transition phase of growth (Figure 1). This phase of growth constitutes a 

transition between primary and secondary metabolism in which the cells are 

preparing to produce antibiotics. ScbR is the protein that receives the 

message, the SCB receptor protein (Figure 1). It is a repressor protein: by 

binding to the DNA at a site adjacent to the transcription start of specific 

genes, it inhibits the expression of these genes and thus the synthesis of 

proteins is prevented. ScbR specifically targets genes that encode proteins that 

are involved in the synthesis of antibiotics. It is also an autoregulatory protein 

that inhibits its own gene expression thus preventing its own protein synthesis. 

SCBs can bind to ScbR and when this happens ScbR is unable to bind to the 

DNA. SCB binding therefore prevents the repression exerted by ScbR, thus 

allowing expression of its target genes, and the synthesis of antibiotics 

(response, Figure 1). ScbR inhibits the expression of the gene cpkO encoding a 

protein that activates the expression of other enzymes involved in the 

production of the antibiotic coelimycin.  

ScbR also binds to the DNA near the scbA gene, and thus it was hypothesised 

that it was controlling its expression as well. In chapter 2, we report that ScbR 

is indeed regulating the expression of scbA by repressing it in the early stages 

of the bacterial growth. Our results also show that ScbR is involved in inducing 

the expression of scbA in transition phase of growth probably together with 

other proteins involved. The mutual regulation between ScbR and ScbA (ScbR 
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controls the timing of expression of scbA and induces its transcription while 

SCBs, synthesised by ScbA, activate the expression of scbR) provides a proper 

balance in the amounts of ScbR and SCBs that are necessary to ensure the tight 

regulation that this system requires for the correct timing of production of 

antibiotics.  

 

 

Figure 1. Schematic representation of the SCB signalling system. As a communication 
mechanism, the SCB system consists of a sender of the message, ScbA (that 
synthesises SCBs), the SCBs themselves, responsible for carrying the message, and a 
receiver, ScbR, (SCBs receptor protein). ScbR bound to the SCBs provokes a response, 
the production of the antibiotic coelimycin. 

ScbA is the main enzyme involved in the synthesis of SCBs and is thought to 

catalyse the first step in their biosynthetic pathway. Several amino acids in 

specific locations within ScbA were previously reported to be essential for the 

correct functioning of the enzyme. In our work (chapter 4) we have identified 

additional amino acids that are also essential for the activity of ScbA enzyme. 
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One is located in an important part of the protein, the active site, that is 

supposed to carry out the catalytic reaction, the transformation of the 

substrate into the product. The other is located in a putative loop. Loops are 

flexible structures and are generally not involved in catalysis, but they may be 

important to maintain the structural integrity of the protein or to make the 

substrates more or less accessible to the active site. This amino acid in the 

putative loop was also identified as essential for protein functionality which 

shows the importance of such irregular motifs in protein activity.   

In addition to ScbA, several other enzymes participate in the SCB biosynthetic 

pathway. We have identified and characterised two of these proteins that are 

involved in SCB synthesis, ScbB and ScbC. We have proven that ScbB and ScbC 

are essential for the synthesis of SCBs because S. coelicolor was not able to 

produce the signalling molecules when the genes for these proteins were 

deleted from the chromosome (chapter 3). We further showed that ScbB 

catalyses the last chemical reaction in the synthesis of SCBs in vitro (in the 

laboratory) which suggests that this is its real role in vivo (inside the cell). ScbC 

was predicted to participate in an earlier step in the pathway. When a gene 

encoding an enzyme is deleted from the chromosome and thus the 

corresponding enzyme is not synthesised anymore, accumulation of the 

substrate of that enzyme, intermediate in the biosynthetic pathway, may 

occur. However, the scbC deletion mutant did not accumulate the predicted 

substrate. In fact, none of the expected intermediate compounds of the 

pathway accumulated which may suggest that these compounds have an 

inhibitory effect on the enzymes of the pathway. Such inhibition would 

prevent the accumulation of the intermediates, including the substrate for 

ScbC. It is also possible that other intermediates are being produced instead 

(chapter 3). In this chapter we also report that scbA and scbC are co-expressed 

which suggests that both proteins are needed in equal amounts for the 

biosynthesis of the SCBs.  

The SCB system is regulated by complex and interconnected mechanisms. 

Several levels of regulation exist controlling the expression of the genes and 

proteins of this system. Besides the regulatory roles exerted by ScbA and ScbR, 

other factors are also regulating the correct functioning and timing of the 

system. In chapter 5 we report the finding of an additional regulatory factor in 

the S. coelicolor SCB system that further emphasises the complexity of such a 
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signalling system. We have identified a second transcription start site for the 

scbR gene and we have proven that transcripts are being synthesised from this 

site as well (chapter 5). Thus, two different mRNA transcripts for scbR are 

being synthesised, one from this newly found second start site, and another 

one from the first start site that was previously found. The transcript 

synthesised from the second start site is longer than the one synthesised from 

the first one. The genes scbA and scbR are located adjacently in the 

chromosome of S. coelicolor. The mRNA transcripts that are produced for 

these genes are partly overlapping in a small region, and thus, it is possible 

that they bind and that this creates an obstacle for the production of protein 

from these transcripts. These overlapping transcripts may constitute an 

additional regulatory factor for the SCB system. Since the second scbR 

transcript produced from the additional transcriptional start site identified in 

our work, is longer than the first transcript, the overlapping region between 

scbA and scbR transcripts is also longer and presumably has a bigger effect in 

controlling the expression of these genes (chapter 5).  

We also compared the antibiotic production phenotype of two parental or wild 

type strains (original strains of this species as found in nature) of S. coelicolor, 

called M145 and M600. Strain M600 is delayed in antibiotic production 

compared to M145. Interestingly, strain M600 only produces small amounts of 

transcripts of scbR from both the first and the second start site. The presence 

of lower amounts of transcript means that less protein will be produced. Since 

ScbR is known to be involved in the regulation of antibiotics, this small amount 

of transcripts is possibly responsible for the different phenotype of strain 

M600 (chapter 5).  

In this PhD thesis the roles of the proteins of the SCB signalling system in its 

regulation, and in the synthesis of the signalling molecules, has been 

extensively studied. The information presented here contributes to a better 

understanding of such a complex regulatory mechanism and of the regulation 

of antibiotic production in these bacteria. Detailed knowledge of such 

signalling systems will be of great relevance for the design of new strategies to 

manipulate antibiotic biosynthetic pathways and provides important tools for 

the discovery of new natural compounds with antimicrobial activities.  
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Bacteriologische communicatie en synthese van antibiotica 

Communicatie is een essentiëel onderdeel voor alle levende organismen. 

Bacteriën communiceren met kleine chemische stoffen. Als enkelcellige 

organismen is overleven voor bacteriënuitdagend. Samenwerking met 

soortgenoten is  noodzakelijk in een bacterie populatie om hun gedrag te 

synchroniseren en hierdoor hun kans op overleving te verhogen in het milieu. 

Vanwege dit doel communiceren bacteriën met elkaar middels kleine 

signaalmoleculen die zij verspreiden in het milieu zodat anderen de boodschap 

kunnen ontvangen.  

Gedurende hun levenscyclus gebruiken bacteriën twee verschillende 

metabolische processen: het primaire en secundaire metabolisme. In het 

primaire metabolisme synthetiseren bacteriën chemische stoffen die 

essentiëel zijn voor hun leven, om te groeien en te vermenigvuldigen. Primaire 

metabolisme vindt plaats in een fase van de groei wanneer voldoende 

nutriënten in het medium aanwezig zijn en de bacteriën zijn in staat om te 

groeien en exponentieel te vermenigvuldigen, waarbij een toenemend aantal 

cellen wordt geproduceerd. Deze fase van de groei wordt de exponentiële fase 

genoemd. Secundaire metabolisme vindt plaats in de stationaire groei fase. In 

deze fase zijn nutriënten schaars waardoor bacteriën niet exponentieel kunnen 

groeien of vermenigvuldigen. Hierdoor bereikt hun groei een plateau fase. 

Secundare metabolisme wordt gekarakteriseerd door de synthese van stoffen 

die niet essentiëel zijn voor groei, maar die bacteria voorziet van speciale 

voordelen tegen andere omringende organismen zoals enzymen die toxische 

stoffen afbreken of antibiotica die concurrenten elimineren.   

Streptomyces zijn bodem bacteriën die veel verschillende antibiotica 

produceren om met dit mechanisme van overleving effectief tegen andere 

microorganismen te kunnen concurreren in hun milieu. Deze eigenschap is in 

feitte hetgeen wat deze bacteriën biotechnologisch zeer interessant maakt. 

Met toenemende aantallen antibioticaresistente ziekteverwekkende bacteriën, 

groeit de urgentie om nieuwe antibiotica te vinden met andere structuren. De 

meeste natuurlijke antibiotica die tegenwoordig gebruikt worden in 

medicijnen worden geproduceerd door Streptomyces soorten en deze 

bacteriën hebben grote potentie om vele andere nieuwe bioactive stoffen te 
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produceren. Dit maakt Streptomyces een zeer interessant 

onderzoeksonderwerp. 

Streptomyces bacteriën communiceren met elkaar om antibiotica te 

produceren gedurende de stationaire groei fase. Antibiotica productie wordt 

efficiënter wanneer een groep van bacteriën hun synthese synchroniseren en 

coordineren. Ze communiceren door signaalmoleculen, genaamd γ-

butyrolactones, te synthetiseren en af te geven. Deze signaalmoleculen dragen 

de boodschap en kunnen diffundeerden tussen de “zender” cellen en 

“ontvanger” cellen. Des te groter de cel populatie groeit, des te hoger de 

concentratie en sterker het effect van deze signaalmoleculen. Terug in de cel 

worden deze signaalmoleculen opgemerkt door specifieke ontvangst-eitwitten. 

Deze eiwitten binden aan de signaalmoleculen en verzenden de boodschap 

naar andere eitwitten welke de productie van antibiotica activeert. Deze 

gediffundeerde signaalmoleculen zijn actief in zeer kleine hoeveelheden (in het 

nano-molaire concentratiebereik) en worden daarom aangewezen als zijnde 

bacteriële hormonen. Huidige kennis betreffende de rol van deze 

signaalmoleculen in antibiotica synthese in Streptomyces is beproken in 

hoofdstuk 1. 

Het SCB signaalsysteem reguleerd de synthese van antibiotic.  

Streptomyces coelicolor is het meest bestudeerde Streptomyces soort. Het 

produceert het gepigmenteerde antibioticum actinorhodin (Act; blauw 

gepigmenteerd) en undecylprodigiosin (Red; rood gepigmenteerd), alsmede 

het antibioticum coelimycin. Daarnaast draagt het genoom veel meer 

cryptische (niet actieve) gen clusters voor secundaire metabolismen. De γ-

butyrolactones in deze soort zijn genaamd SCBs (Streptomyces coelicolor 

Butyrolactone). Zij reguleren direct de synthese van het antibioticum 

coelimycin, en zijn ook indirect betrokken bij de regulering van Act en Red 

synthese. Het moment waarin de antibiotica productie plaats vindt is 

nauwkeurig gereguleerd en het SCB systeem speelt daar een belangrijke rol in. 

Het beheermechanisme van dit communicatie systeem in S. coelicolor is niet 

volledig begrepen. Gedetailleerd begrip van het functioneren van het SCB 

system zal het ons mogelijk maken nieuwe strategien te ontwikkelen om 

antibiotica productie te manipuleren. Ook zullen hiermee nieuwe 
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antimicrobiologische stoffen in Streptomyces gevonden kunnen worden door 

cryptische gene clusters voor secundaire metabolieten te activeren. 

In alle levende cellen is genetische informatie gecodeerd in het DNA in de 

vorm van genen (specifieke DNA fragmenten). Om een werkzaam gen te 

hebben dient de informatie die deze genen dragen vertaald te worden naar de 

synthese eiwitten. Om de versleutelde informatie in een gen te kunnen 

vertalen naar eiwitten dient een kopie gemaakt te worden in de vorm van een 

ander marcomolecuul, het RNA. Deze RNA versie van het gen is dan een 

transcript genoemd of “messenger” RNA (mRNA). Dit proces wordt transcriptie 

genoemd (synthese van transcripten, of mRNA kopiën van de genen) en start 

na specifieke punten in het DNA, genaamd transcriptie start locaties. Deze 

mRNA transcripten worden naar eiwitten vertaald door ribosomen die lineaire 

ketens van amino zuren synthetiseren volgens hetgeen wat ze “lezen” in het 

mRNA transcript. Eiwitten bestaan uit ketens van amino zuren die 

verantwoordelijk zijn voor het uitvoeren van de functies die door de genen 

worden gecodeerd. Sommige eitwitten hebben een regulerende functie terwijl 

anderen als een katalysator van chemische reacties werken. De 

laatstgenoemden heten enzymen en werken door een bestaande chemische 

stof (substraat) om te vormen tot een nieuw, aangepaste versie van die stof 

(product).  

In het geval van S. coelicolor en het SCB system is de genetische informatie 

gecodeerd in de genen scbA en scbR  die worden vertaald naar de eiwitten 

ScbA en ScbR. ScbA en ScbR zijn de belangrijkste proteïnen betrokken in het 

SCB communicatie systeem in Streptomyces coelicolor. Het enzym ScbA, de 

zender, katalyseert de eerste stap in de productie van de signaalmoleculen, 

SCBs, in de transitie fase van de groei (Figuur 1). Deze fase van de groei bestaat 

uit een transitie tussen het primaire en het secundaire metabolisme waarin de 

cellen worden voorbereid om antibiotica te produceren. ScbR is het eiwit die 

de boodschap ontvangt, het SCB ontvangst eitwit (Figuur 1). ScbR is een 

repressor: door te binden aan het DNA op de lokatie naast de transcriptiestart 

van specifieke genen remt het de expressie van deze genen en daardoor wordt 

de synthese van de eiwitten voorkomen. ScbR is met name gericht op genen 

die eiwitten coderen die betrokken zijn bij de synthese van antibiotica. Het is 

ook een zelfsturend eiwit die zijn eigen gen codering en daarmee zijn eigen 

eiwit synthese beperkt. SCBs kunnen binden aan ScbR. Wanneer dit gebeurt is 
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het niet meer mogelijk voor ScbR om aan het DNA te binden. Het binden van 

SCBs voorkomt daarmee de onderdrukking veroorzaakt door ScbR waardoor 

expressie van de genen mogelijk is en daarmee de synthese van de antibiotic 

(Figuur 1). ScbR voorkomt onder anderen de expressie van het gen cpkO wat 

een eitwit codeert die de expressie van andere enzymen activeert die 

betrokken zijn bij de productie van het antibiotica coelimycin. Dus bij 

aanwezigheid van ScbR wordt het eiwit CpkO niet gemaakt en is er geen 

productie van het coelimycin. Wanneer er SCBs aanwezig zijn kan ScbR de 

productie van CpkO niet meer onderdrukken en is er productie van coelimycin. 

ScbR bind ook aan het DNA in de buurt van het scbA gen. Dit impliceert dat 

ScbR betrokken is bij de regulatie van ScbA expressie. In hoofdstuk 2 

rapporteren we dat ScbR inderdaad scbA reguleert door het te onderdrukken 

in de eerste fasen van bacteriele groei. Onze resultaten laten ook zien dat 

ScbR is betrokken bij het activeren van scbA expressie in de transitie fase van 

de groei waarschijnlijk samen met andere betrokken eiwitten. De regulatie van 

ScbR en ScbA (ScbR beheert het moment van expressie van scbA en induceert  

de transcriptie terwijl SCBs, gesynthetiseerd door ScbA, de expressie van scbR 

activeren) voorziet in de juiste balans van de hoeveelheden ScbR en SCBs die 

zorgen voor de juiste tijdsregulatie van de productie van antibiotic.  

 



 

Hoofdstuk 7.2  

216 

 

 

Figuur 1. Schematische weergave van het SCB signaleringssysteem. Zijnde een 
communicatiemchanisme, bestaat het SCB system uit een zender van de boodschap, 
ScbA (dat SCBs synthetiseert), de SCBs zelf, verantwoordelijk voor het dragen van de 
boodschap en een ontvanger, ScbR, (SCBs ontvanger eitwit). ScbR gebonden aan de 
SCBs ontlokt een reactie, de productie van het antibioticum coelimycin.  

ScbA is het belangrijkste enzym betrokken bij de synthese van SCBs en wordt 

verwacht de eerste stap in hun biosynthetische route  te katalyseren. 

Verschillende aminozuren op specifieke locaties in ScbA zijn eerder 

gerapporteerd essentieel te zijn voor het juist functioneren van het enzym. In 

ons werk (hoofdstuk 4) hebben we additionele aminozuren geïdentificeerd die 

ook essentieel zijn voor de activiteit van het ScbA enzym. Een is gelokaliseerd 

in een belangrijk onderdeel van het enzym, de actieve locatie, die 

verondersteld wordt om een katalytische reactie uit te voeren, de 

transformatie van het substraat in het product. De ander is aanwezig in een 

hypothetische lus. Lussen zijn flexibele structuren in zijn in het algemeen niet 

betrokken bij de katalyse, maar ze zijn mogelijk belangrijk om de structurele 

integriteit te behouden of om een substraat meer of minder toegankelijk te 

maken tot de actieve locatie. Dit aminozuur in de hypothetische lus is ook 
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geïdentificeerd als essentieel voor de functionaliteit van het eiwit wat de 

essentie van deze structuren in de activiteit van het eiwit bevestigd.  

Naast ScbA nemen verschillende andere enzymen deel in de biosynthetische 

route van het SCB. We hebben twee van deze eiwitten geïdentificeerd en 

gekarakteriseerd die betrokken zijn in de synthese van SCB, dit zijn ScbB en 

ScC. We hebben bewezen dat ScbB en ScbC essentieel zijn voor de synthese 

van SCBs omdat S. coelicolor niet in staat was om signaalmoleculen te 

produceren wanneer de genen van deze eiwitten verwijderd waren van het 

chromosoom (hoofdstuk 3). We hebben aangetoond dat ScbB de laatste 

chemische reactie in de synthese van SCBs in vitro (in het laboratorium) 

kataliseerd wat suggereert dat dit de werkelijke rol in vivo (in de cel) is. 

Voorspeld werd dat ScbC deelneemt in een eerdere stap in de route. Wanneer 

een gen wat  een enzym codeert verwijderd is van het chromosoom en 

hierdoor het betrokken enzym niet meer synthetiseerd wordt, kan accumulatie 

van het substraat van dat enzym, tussentijds in de biosynthetische route 

optreden. Echter, verwijdering van het scbC mutant veroorzaakte geen 

accumulatie van het voorspelde substraat. In feitte, geen van de verwachtte 

tussentijdse stoffen van de route accumuleerden, wat mogelijk suggereert dat 

deze stoffen een inhibiterend effect op de enzymen van de route hebben. 

Dusdanige inhibitie zal de accumulatie van de tussentijdse stoffen voorkomen, 

inclusief het substraat voor ScbC. Het is ook mogelijk dat in de plaats hiervan 

andere tussentijdste stoffen worden geproduceerd en de route van SCB 

productie anders verloopt dan voorspeld (hoofdstuk 3). In dit hoofdstuk 

rapporteren we ook dat scbA en scbC gezamelijk tot expressie komen wat 

suggereert dat beide eiwitten noodzakelijk zijn voor de biosynthese van SCBs.  

Het SCB system is gereguleerd door complexe en onderling verbonden 

mechanismen. Verschillende niveaus van regulering bestaan welke de 

expressie van de genen en de eiwitten in dit systeem beheersen. Naast de 

regulerende rollen uitgevoerd door ScbA en ScbR reguleren andere factoren 

ook het correct functioneren en timing  van het systeem. In hoofdstuk 5 we 

rapporteren we de vondst van een additioneel regulerende factor in het S. 

coelicolor SCB systeem dat verder de complexiteit van het systeem benadrukt. 

We hebben een tweede transcriptielocatie voor het scbR gen geïdentificeerd 

en we hebben bewezen dat ook de transcripties gesynthetiseed worden vanaf 

deze locatie (hoofdstuk 5). Aldus, twee verschillende mRNA transcripten voor 
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scbR worden gesynthetiseerd, een van deze nieuw gevonden start locatie, een 

ander van de eerste startlocatie die eerder gevonden was. De 

gesynthetiseerde transcriptie van de tweede start locatie is langer dan degene 

gesynthetiseerd van de eerste locatie. De genen scbA en scbR zijn 

aaneengrenzend gelokaliseerd in het chromosoom van S. coelicolor. De mRNA 

transcripten die geproduceerd worden voor deze genen zijn gedeeltelijk 

overlappend in een kleine regio waardoor het mogelijk is dat ze onderling 

verbinden en hierdoor een obstakel vormen voor de productie van eiwitten in 

deze transcripten. Deze overlappende transcripten kunnen een andere 

regulerende factor vormen voor het SCB systeem. Sinds het tweede scbR 

transcript geproduceerd van de additionele locatie gevonden in ons onderzoek 

langer is dan het eerste transcript wordt hierdoor de overlappende regio 

tussen scbA en scbR transcripties ook langer en wordt een groter effect in 

beheersing van de expressie van deze genen verwacht (hoofdstuk 5).  

We hebben ook het antibiotica-productie fenotype vergeleken van twee 

ouderlijke of wildtype stammen (originele stamen van dit soort zoals gevonden 

wordt in de natuur) van S. coelicolor, genaamd M145 en M600. Stam M600 

produceert later anitibiotica in vergelijking tot M145. Interessant is dat stam 

M600 enkel kleine hoeveelheden van scbR transcript produceerd van zowel de 

eerste als de tweede startlocatie. De aanwezigheid van kleinere hoeveelheden 

van transcript betekent dat minder eitwit geproduceerd zal gaan worden. 

Sinds ScbR bekend staat vanwege de betrokkenheid in de regulering van 

antibiotica, is deze kleine hoeveelheid van transcripten mogelijk 

verantwoordelijk voor het verschillende fenotype van de stam M600 

(hoofdstuk 5).  

In dit proefschrift zijn de rollen van de eiwitten van het SCB singaleersysteem, 

hun regulering en de synthese van de signaalmoleculen uitgebreid bestudeerd. 

De hier gepresenteerde informatie draagt bij tot een beter begrip van zulke 

complexe reguleringsmechanismen en van de regulering van antibiotica in 

deze bacteriën. Gedetailleerde kennis van dergelijke signaalsystemen zal van 

groot belang zijn voor het ontwikkelen van nieuwe strategiën om 

biosynthetische routes van antibiotica te manipuleren en voorziet in 

belangrijke instrumenten om nieuwe natuurlijke stoffen met 

antimicrobiologische activiteit te ontdekken.  
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Comunicación bacteriana y síntesis de antibióticos 

La comunicación es un factor esencial para todos los seres vivos. Las bacterias, 

en concreto, se comunican utilizando pequeños compuestos químicos. Como 

organismos unicelulares que son, las bacterias encuentran dificultades para 

sobrevivir individualmente y necesitan asociarse con otros miembros en la 

población para sincronizar su comportamiento y así incrementar sus 

posibilidades de supervivencia en el medio. Con este propósito, las bacterias se 

comunican entre sí utilizando pequeñas moléculas señalizadoras que emiten al 

medio exterior para que otros reciban el “mensaje”.  

Durante su ciclo de vida las bacterias emplean dos procesos metabólicos 

diferentes: el metabolismo primario y el metabolismo secundario. En su 

metabolismo primario, las bacterias sintetizan compuestos químicos que son 

esenciales para la vida de las bacterias, para crecer y multiplicarse. Este 

metabolismo ocurre en una fase de crecimiento en la que existen suficientes 

nutrientes en el medio y las bacterias son capaces de crecer y multiplicarse 

exponencialmente. Esta fase de crecimiento se denomina fase exponencial. El 

metabolismo secundario ocurre en la denominada fase de crecimiento 

estacionaria. En esta fase los nutrientes escasean, por lo que las bacterias no 

pueden reproducirse exponencialmente y la curva de crecimiento de la 

población bacteriana alcanza una fase de meseta. El  metabolismo secundario 

se caracteriza por la producción de compuestos que no son esenciales para el 

crecimiento pero que confieren a las bacterias una ventaja especial frente a 

otros organismos a su alrededor, como por ejemplo enzimas capaces de 

degradar compuestos tóxicos o antibióticos para eliminar competidores. 

Streptomyces es un género de bacterias del suelo que producen una gran 

variedad de antibióticos como mecanismo de supervivencia en el medio para 

competir de manera eficiente contra otros microorganismos. Son organismos 

de gran interés biotecnológico ya que producen la mayor parte de los 

antibióticos que actualmente están en uso en medicina. Con la creciente 

aparición de bacterias patógenas que desarrollan resistencias a antibióticos ha 

surgido la inminente necesidad de encontrar nuevos compuestos 

antimicrobianos con nuevas estructuras. Las bacterias del género Streptomyces 

tienen un gran potencial para producir compuestos bioactivos aún no 
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descritos, lo que hace que estas bacterias sean un interesante foco de 

investigación.  

Las bacterias del género Streptomyces se comunican entre sí para producir 

antibióticos en la fase de crecimiento estacionaria. La producción de 

antibióticos es más eficiente cuando un grupo de bacterias se sincroniza y 

coordina la síntesis. Con este fin, estas bacterias se comunican por medio de la 

síntesis y emisión de moléculas señalizadoras llamadas γ-butirolactonas, que 

transportan el mensaje y difunden fuera de las células “emisoras” y dentro de 

las células “receptoras”. Cuanto más crece la población bacteriana la 

concentración de estas moléculas señalizadoras es más alta y provocarán un 

efecto mayor. Dentro de la célula, estas moléculas son reconocidas por 

proteínas receptoras específicas. Estas proteínas se unen a las γ-butirolactonas 

y transmiten el mensaje a otras proteínas responsables de activar la 

producción de antibióticos. Estas moléculas difusibles llevan a cabo su función 

en muy pequeñas cantidades (en el rango de concentración nano-molar) y por 

lo tanto son consideradas como hormonas bacterianas. El capítulo 1 recopila la 

información actual sobre las funciones de estas moléculas señalizadoras en la 

síntesis de antibióticos.  

El sistema de señalización SCB controla la síntesis de antibióticos 

Streptomyces coelicolor es la especie más estudiada del género Streptomyces 

que produce los antibióticos pigmentados actinorrodina (Act; de color azul) y 

undecilprodigiosina (Red; de color rojo) a la vez que el antibiótico coelimicina. 

Además, en su genoma pueden encontrarse diversas agrupaciones génicas 

crípticas (que no se expresan) para la síntesis de metabolitos secundarios. Las 

γ-butirolactonas en esta especie se llaman SCBs (Streptomyces coelicolor 

Butirolactona). Estas moléculas controlan de manera directa la producción del 

antibiótico coelimicina, y están también participando, de manera indirecta, en 

el control de la síntesis de Act y Red. Para que la síntesis de antibióticos tenga 

lugar en el momento adecuado, es necesario un estricto control que requiere 

de varios niveles de regulación, incluido el efecto del sistema SCB. El 

mecanismo de regulación de este sistema de comunicación en S. coelicolor no 

está completamente elucidado. Una comprensión detallada del 

funcionamiento de este sistema SCB nos permitirá desarrollar nuevas 

estrategias para manipular o diseñar rutas para la síntesis de antibióticos, así 
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como para encontrar nuevos compuestos antimicrobianos en Streptomyces 

por medio de la activación de agrupaciones de genes crípticos para la 

producción de metabolitos secundarios. 

En toda célula viva la información genética está codificada en el ADN en forma 

de genes (fragmentos específicos de ADN). Para que estos genes sean 

funcionales (para que se expresen), la información que contienen necesita ser 

transcrita y traducida para sintetizar proteínas. Para que la información 

codificada en un gen se traduzca a proteínas, se necesita fabricar una copia de 

ese gen en la forma de otra macromolécula, el ARN. La versión en ARN del gen 

se denomina tránscrito o ARN mensajero (ARNm). Este proceso se llama 

transcripción (síntesis de tránscritos o copias de ARNm de los genes) y 

comienza en puntos específicos del ADN, denominados sitios de inicio de la 

transcripción, localizados cerca del principio de los genes. Los tránscritos de 

ARNm son traducidos a proteína por ribosomas que sintetizan cadenas lineales 

de aminoácidos, en función de lo que “leen” en el tránscrito de ARNm. Las 

proteínas están constituidas por cadenas de aminoácidos y son las 

responsables de llevar a cabo la función dictada por los genes. Algunas 

proteínas funcionan como reguladores mientras que otras funcionan como 

catalizadores de reacciones químicas. Estas últimas se denominan enzimas y 

transforman un compuesto químico determinado (sustrato) en una versión 

nueva y modificada de ese compuesto (producto). 

En el caso concreto de S. coelicolor y el sistema SCB, la información genética 

esta codificada en los genes scbA y scbR que se traducen en las proteínas ScbA 

y ScbR. ScbA y ScbR son las proteínas principales encargadas de este sistema 

de comunicación en S. coelicolor. Las moléculas señalizadoras SCBs son 

sintetizadas por la enzima ScbA, el emisor, que cataliza el primer paso de la 

ruta de síntesis de éstas moléculas, durante la fase de transición en la curva de 

crecimiento bacteriano (Figura 1). Esta frase de crecimiento constituye una 

transición entre el metabolismo primario y el metabolismo secundario, en la 

que las células están preparándose para producir antibióticos. ScbR es la 

proteína que recibe el mensaje, la proteína receptora de SCBs (Figura 1). Es 

una proteína represora: se une al ADN en un sitio adyacente al inicio de genes 

específicos y así inhibe la expresión de estos genes, por lo que se impide la 

síntesis de proteínas. ScbR afecta a genes que codifican proteínas que 

participan en la síntesis de antibióticos. ScbR es también una proteína 
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autorreguladora que inhibe la expresión de su propio gen impidiendo su propia 

síntesis proteica. Las SCBs se unen a ScbR y cuando esto ocurre, ScbR es 

incapaz de unirse al ADN. De esta forma, la unión de estas moléculas 

señalizadoras a su proteína receptora previene la represión ejercida por ScbR, 

de modo que se activa la expresión de los genes que regula y por lo tanto la 

producción de antibióticos (respuesta, Figura 1). Uno de los genes cuya 

expresión es reprimida por ScbR es el gen cpkO, que codifica una proteína 

activadora de la expresión de enzimas encargadas de la producción del 

antibiótico coelimicina. Cuando ScbR está presente, la proteína CpkO no se 

sintetiza y no hay producción de coelimicina. Cuando las SCBs están presentes, 

ScbR no puede reprimir la síntesis de CpkO y por lo tanto se produce 

coelimicina.  

 

Figura 1. Representación esquemática del sistema de señalización SCB. El sistema SCB 
es un mecanismo de comunicación que consta de un emisor del mensaje, ScbA (que 
sintetiza SCBs), las SCBs, responsables de transmitir el mensaje, y un receptor, ScbR, 
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(proteína receptora de SCBs). Cuando ScbR está unido a las SCBs provoca una 
respuesta, que es la producción del antibiótico coelimicina. 

ScbR también se une al ADN cerca del gen scbA por lo que se ha planteado la 

hipótesis de que ScbR también controla la expresión de scbA. El capítulo 2 

describe cómo ScbR está, en efecto, regulando la expresión de scbA 

impidiendo su transcripción en etapas tempranas del crecimiento bacteriano. 

Además, los resultados muestran que ScbR también está involucrada en la 

activación de la expresión de scbA en la fase de transición, probablemente 

junto con otras proteínas. La regulación mutua entre ScbR y ScbA (ScbR 

controla que la expresión de scbA se produzca en el momento adecuado e 

induce su transcripción, mientras que las SCBs, sintetizadas por ScbA, activan la 

expresión de scbR) proporciona un equilibrio apropiado en las cantidades de 

ScbR y de SCBs que es necesario para asegurar la estricta regulación que este 

sistema requiere para garantizar la producción de antibióticos a su debido 

tiempo.  

ScbA es la enzima principal encargada de la síntesis de SCBs y se piensa que 

cataliza el primer paso enzimático en la ruta de biosíntesis. Varios 

aminoácidos, localizados en posiciones específicas de esta enzima, son 

esenciales para su correcto funcionamiento. El capítulo 4 describe la 

identificación de otros aminoácidos que son también esenciales para la 

actividad de esta enzima. Uno de ellos se encuentra en una región importante 

de la proteína, el sitio activo, que es donde tiene lugar la reacción catalítica, la 

transformación de los compuestos químicos. El otro aminoácido se encuentra 

en un hipotético “loop” o bucle. Los bucles son estructuras flexibles y 

generalmente no participan en la catálisis, pero se cree que ejercen una 

importante función en mantener la integridad estructural de la proteína o para 

hacer que los sustratos estén más accesibles al sitio activo. Este aminoácido 

localizado en el hipotético bucle se ha identificado como esencial para el 

funcionamiento de la proteína lo que muestra que estos motivos proteicos 

irregulares tienen una gran importancia en la actividad de la enzima.  

Además de ScbA, varias otras enzimas participan en la ruta biosintética de las 

SCBs. En el presente trabajo se han identificado otras dos proteínas que 

también están involucradas en la síntesis, denominadas ScbB y ScbC. Se ha 

demostrado que estas proteínas son esenciales para la síntesis de SCBs porque 



 

Resumen 

     225 

 

S. coelicolor no es capaz de producir las moléculas señalizadoras cuando los 

genes que codifican para estas proteínas son eliminados del cromosoma 

(capítulo 3). Además, también se muestra que ScbB cataliza in vitro (en el 

laboratorio) la última reacción química en la síntesis de SCBs, lo que sugiere 

que ésa es su función real in vivo (dentro de la célula). En cuanto a ScbC, se 

piensa que está participando en un paso previo en la ruta. Cuando un gen que 

codifica para una enzima se elimina del cromosoma y la enzima 

correspondiente no se sintetiza, es posible que el sustrato de esa enzima, que 

es un intermediario de la ruta biosintética, se acumule. Sin embargo, no se 

produjo acumulación del sustrato esperado de ScbC en el mutante de deleción 

de scbC. De hecho, ninguno de los supuestos compuestos intermediarios de la 

ruta de síntesis se estaba acumulando, lo que sugiere que la acumulación de 

estos compuestos tiene un efecto inhibitorio en otras enzimas de la ruta. Esta 

inhibición prevendría la acumulación de los compuestos intermediarios, 

incluído el sustrato de ScbC. Es también posible que otros compuestos 

intermediarios se estén produciendo en su lugar y que la ruta de síntesis de 

SCBs es diferente a como se había predicho (capítulo 3). En este capítulo 

también se muestra que los genes scbA y scbC se co-transcriben, lo que sugiere 

que ambas proteínas se necesitan al mismo tiempo para la biosíntesis de SCBs.  

El sistema SCB está regulado por complejos mecanismos que están 

interconectados. Existen varios niveles de regulación controlando la expresión 

de los genes y proteínas de este sistema. Además del ya mencionado papel 

regulador ejercido por ScbA and ScbR, existen factores adicionales que 

también contribuyen a la regulación del sistema, para conseguir un correcto 

funcionamiento en el momento adecuado. En el capítulo 5 se describe el 

hallazgo de un factor regulador adicional de este sistema de señalización que 

demuestra su complejidad. Se ha identificado un segundo sitio de inicio de la 

transcripción para el gen scbR (capítulo 5). A partir de este segundo sitio se 

genera un tránscrito adicional de mayor longitud en comparación con el 

tránscrito sintetizado desde el primer sitio de inicio de la transcripción 

previamente descrito. Los genes scbA y scbR están localizados de manera 

adyacente en el cromosoma de S. coelicolor. Los tránscritos que se producen 

para estos genes se solapan en una pequeña región, y de esta manera es 

posible que se unan, lo que puede crear un obstáculo para la producción de 

proteína a partir de estos tránscritos. Parece que estos tránscritos solapantes 
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constituyen por sí mismos un factor regulador adicional para el sistema SCB. 

Dado que el segundo tránscrito de scbR es más largo que el primero, la región 

solapante entre los tránscritos de scbA y scbR es también más larga, y 

presumiblemente tiene un mayor efecto en el control de la expresión de estos 

genes (capítulo 5).  

En el presente trabajo se ha comparado el fenotipo de dos cepas parentales o 

cepas silvestre (que son las cepas originales de esta especie, tal y como se 

encuentran en su hábitat natural) de S. coelicolor, llamadas M145 y M600. La 

producción de antibióticos en la cepa M600 está retrasada respecto a la cepa 

M145. La cepa M600 produce sólo una pequeña cantidad de tránscritos de 

scbR desde ambos sitios de inicio de la transcripción. La presencia de menores 

cantidades de tránscrito significa que una menor cantidad de proteína va a ser 

sintetizada. Dado que ScbR está involucrado en la regulación de antibióticos, 

parece posible que estas diferentes cantidades de tránscritos producidas sean 

las causantes de las diferencias en fenotipo en la cepa M600 (capítulo 5). 

En esta tesis doctoral, se ha estudiado extensivamente el papel de las 

proteínas que forman parte del sistema de señalización SCB en su regulación y 

en la síntesis de las moléculas señalizadoras. La información aquí presente 

contribuye a un mejor entendimiento de un mecanismo regulador tan 

complejo como el sistema SCB y de la regulación de la producción de 

antibióticos en estas bacterias. Un conocimiento detallado de estos sistemas 

de señalización es de gran relevancia para diseñar nuevas estrategias para 

manipular rutas de biosíntesis de antibióticos y proporciona importantes 

herramientas para el descubrimiento de nuevos compuestos naturales con 

actividad microbiana.  
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