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Chapter 5 

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. 
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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 
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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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