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Abstract 

Genome sequencing of Streptomyces coelicolor A3(2) had previously revealed an 

uncharacterised Type I polyketide synthase gene cluster (cpk). Here, we describe a 

novel, yellow-pigmented secondary metabolite (yCPK) that was discovered by 

deleting a presumed pathway-specific regulatory gene, scbR2, that encodes a 

member of the -butyrolactone receptor family of proteins and which lies in the cpk 

gene cluster. Over-production of yCPK in a scbR2 deletion mutant, and its absence 

from a cpk deletion mutant, strongly suggest that yCPK is a product of the previously 

orphan cpk gene cluster. Transcriptional analysis suggests that scbR2 may act in a 

negative feedback mechanism to eventually limit yCPK biosynthesis. The results 

described here may represent a novel approach for the discovery of new, biologically 

active compounds. 

Introduction 

Streptomycetes are ubiquitous soil-dwelling mycelial bacteria characterised by a 

complex morphology and the ability to produce a vast variety of secondary 

metabolites including the majority of antibiotics of natural origin (Weber et al., 2003). 

Consequently the genus Streptomyces is of major interest in the search for new 

biologically active compounds. The genome sequence of the model organism 

Streptomyces coelicolor A3(2) was recently determined (Bentley et al., 2002), 

revealing numerous secondary metabolite gene clusters, including those for 11 well-

characterised compounds, such as the blue-pigmented polyketide 

(gamma-)actinorhodin (Bystrykh et al., 1996; Rudd and Hopwood, 1979), the red-

pigmented (undecyl-)prodiginines (Feitelson et al., 1985) and the calcium dependent 

antibiotic (CDA) (Hopwood and Wright, 1983; Lakey et al., 1983), but also 12 

“orphan” gene clusters to which no products have been assigned (Challis and 

Hopwood, 2003). 

Orphan gene clusters are found not only in Streptomyces, but also in other 

actinomycetes and fungi with a proven ability to produce biologically active 

secondary metabolites, and are a promising source of new pharmaceutically useful 

compounds (Bok et al., 2006; Udwary et al., 2007). With the increasing number of 

genome sequences, “genome mining” for new secondary metabolite gene clusters 
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and novel natural products has become feasible. Despite many attempts, the 

products of orphan gene clusters have not been detected by simply using different 

growth media (reviewed in Challis, 2008). Consequently, other approaches have 

been proposed or adopted, including in silico analysis and prediction of the products 

of biosynthetic gene clusters; deletion of biosynthetic genes and identification of the 

end product by comparative metabolite profiling; heterologous expression of the 

entire biosynthetic gene cluster (Song et al., 2006); deletion or overexpression of a 

pleiotropic regulatory gene; and overexpression of a pathway-specific activator 

(Bergmann et al., 2007) (reviewed in Challis, 2008). 

S. coelicolor contains an orphan Type I polyketide synthase (PKS) gene cluster, cpk 

(coelicolor polyketide; formerly named kas), which was initially detected by 

hybridisation to an acetyltransferase (AT) gene (Kuczek et al., 1997). However, 

except for the prediction of a constituent aliphatic 12-carbon chain (Pawlik et al., 

2007), which was based on the sequence of the PKS subunits cpkABC, nothing was 

known about the product of the cpk cluster, which consequently remained “orphan”. 

ScbR is a -butyrolactone receptor protein of S. coelicolor that binds to specific DNA 

sequences in front of its target genes repressing their transcription (Takano et al., 

2001). Binding of SCB1, and potentially other -butyrolactones synthesised by ScbA 

at transition phase (Hsiao et al., 2007; Takano et al., 2001), causes a conformational 

change in ScbR preventing it binding to DNA. Earlier work had shown that ScbR 

directly repressed expression of cpkO, the pathway-specific transcriptional activator 

gene of the cpk cluster, through two binding sites located in the cpkO promoter 

region (Takano, 2006). In agreement with this, transcription of the cpk cluster was 

increased in a scbR mutant (Takano et al., 2001). 

There are five scbR homologues in S. coelicolor (reviewed in Takano, 2006). 

Interestingly, one of these, scbR2, is part of the cpk gene cluster (Pawlik et al., 2007) 

and thus may be involved in its regulation. In this study, scbR2 was deleted from 

S. coelicolor M145 to assess its role in the regulation of secondary metabolism. 
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Material and Methods 

Bacterial strains, plasmids and growth conditions 

Bacterial strains and plasmids used are listed in Table 1. S. coelicolor was 

manipulated as previously described (Kieser et al., 2000). E. coli strains were grown 

and transformed as previously described (Sambrook and Russell, 2001). 

Difco Nutrient Agar (DNAgar), R2, R2YE (Kieser et al., 2000), and SMMS (Takano et 

al., 2001) were used to detect antibiotic production. MS agar (Kieser et al., 2000) 

was used to grow cultures for preparing spore suspensions, and for plating out 

intergeneric conjugations of S. coelicolor with E. coli ET12567 containing the RP4 

derivative pUZ8002 (Flett et al., 1997; MacNeil et al., 1992). Liquid SMM (Takano et 

al., 2001) was used to grow cells for the isolation of RNA. 

 

Construction of a scbR2 disruption mutant 

A mutant scbR2 (SCO6286) allele was constructed in which most of the scbR2 

coding region (amino acids 2-217 out of 224) was deleted and replaced with an 

apramycin resistance gene using PCR targeting (Gust et al., 2004). Primers 

mscbR2R and mscbR2F were designed with 5‟ ends overlapping the 5‟ and 3‟ ends 

of the scbR2 coding sequence, and 3‟ (priming) ends to amplify the apramycin 

resistance disruption cassette of pIJ773 (Gust et al., 2004). The cosmid used for 

targeting was SCAH10 (Redenbach et al., 1996). Deletions within two independent 

isolates of scbR2 were confirmed by Southern hybridization (Kieser et al., 2000) 

using a 1211 bp PCR-generated probe (primers scbRA2 and scbRFW2, Fig. 1) 

labelled with digoxygenin (DIG) using Roche‟s DIG DNA labelling kit. 1385 bp and 

892 bp fragments were detected in BamHI + XhoI digested genomic DNA of M145 

and the scbR2::acc(3)IV mutant (LW3), respectively, as predicted (Fig. 1, data not 

shown). Construction of the mutants was also confirmed by PCR using primers 

scbRA2 and scbRFW3 (Fig. 1) and total DNA isolated from the parental S. coelicolor 

M145 and the two potential mutants as template (Fig. 1, S1). All primers are listed in 

Table S1. The resulting scbR2::aac(3)IV mutant strain was designated LW3. 
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Table 1 Bacterial strains, plasmids and cosmids 

Bacterial strains Description References 

Escherichia coli 

JM101 General cloning strain (Sambrook and Russell, 2001) 

ET12567 Non-methylating strain used for conjugation with 
Streptomyces 

(MacNeil et al., 1992) 

Streptomyces coelicolor A3(2) 

LW3 M145 scbR2::aac(3)IV (apramycin resistance gene) This study 

LW6 M145 cpkO::aac(3)IV (Takano et al., 2005a) 

M145 A3(2) SCP1- SCP2- derivate (Kieser et al., 2000) 

M145crtEIVB M145 crtEIVB (Takano et al., 2005b) 

M751 M145 scbA (Takano et al., 2001) 

M752 M145 scbR (Takano et al., 2001) 

M1142 M145 act red Gomez-Escribano (unpublished) 

M1146 M145 act red cpk cda Gomez-Escribano (unpublished) 

M1148 M145 act red cda This study 

P100 M145 cpkC::aac(3)IV (Pawlik et al., 2007) 

Plasmids and cosmids 

pBR322 E. coli cloning vector (Sambrook and Russell, 2001) 

pIJ12145 Suicide plasmid for substitution of cdaPSI and cdaPSII 
with aac(3)IV 

Gomez-Escribano (unpublished) 

pIJ12146 Suicide plasmid for deletion of the rest of the cda 
cluster 

Gomez-Escribano (unpublished) 

pIJ215 pGEM-T Easy (Promega) harbouring scbR2 This study 

pIJ216 pIJ82 harbouring scbR2 This study 

pIJ773  Plasmid harbouring the apramycin resistance gene 
(aac(3)IV) and the RK2 origin of transfer 

(Gust et al., 2004) 

pIJ82 pSET152 (Bierman et al., 1992) derivative containing 
the hyg gene, replacing a 751 bp SacI fragment 
containing aac(3)IV 

(Kieser et al., 2000) 

pSET152 oriT attP int aac(3)IV (Kieser et al., 2000) 

pUZ8002 RK2 derivative, defective oriT, not self-transmissible, 
but supplies a mobilization function for oriT-containing 

plasmids 

(Flett et al., 1997) 

SCAH10 Cosmid harbouring scbR2 (SCO6268) (Redenbach et al., 1996) 

 



yCPK 

 
 

 
 
36 

 

 

Fig. 1 Genetic organisation of S. coelicolor strains M145 and LW3 (M145 scbR2::aac(3)IV) 

Restriction map of the cpkO to scoT DNA fragment of S. coelicolor M145 (8570 bp) and LW3 (9290 

bp) with the aac(3)IV-oriT apramycin resistance cassette replacing most of the scbR2 coding region in 

LW3. Genes from M145 and the disruption cassette are represented by grey and black arrows, 

respectively. Gene names are indicated below; for incomplete gene fragments, the missing part is 

indicated by an apostrophe at the beginning or the end of the gene name. BamHI and XhoI restriction 

sites are shown, and binding sites for PCR primers scbR2A, scbR2FW3 and scbR2FW2 are indicated 

by black rectangles. The 1069 and 1790 bp scbR2A + scbR2FW3 PCR fragments from M145 and 

LW3, respectively, are indicated by a white box on top. With M145, a white box with an asterisk 

represents the DIG-labelled 1211 bp scbR2A + scbR2FW2 PCR fragment used as Southern probe. 

Grey boxes indicate the 7160 and 1385 bp, and the 7312, 1062 and 892 bp BamHI + XhoI fragments 

of M145 and LW3, respectively, of which the fragments detected by Southern analysis are labelled in 

bold. A 500 bp scale bar is also included. Results of the PCR analysis are shown in Fig. S1. 
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Complementation of the scbR2 disruption mutant 

For complementation of LW3, scbR2 together with a 227 bp upstream region was 

amplified from genomic DNA of S. coelicolor M145 using primers scbR2A_XbaI and 

scbR2FW3_XbaI (Table S1) thereby introducing XbaI restriction sites at the ends of 

the 1087 bp PCR product. The scbR2 PCR product was introduced into pGEM-T 

Easy (Promega) to give plasmid pTE215. A 1.1 kb XbaI-fragment of pTE215 

containing scbR2 was cloned into pIJ82 (a pSET152 derivative harbouring a 

hygromycin resistance gene) (Kieser et al., 2000) to give plasmid pTE216. The 

scbR2 sequence present in pTE215 and pTE216 was confirmed by DNA sequencing 

(Seqlab, Göttingen, Germany). The integrative vector pIJ82 and plasmid pTE216 

harbouring scbR2 were introduced into the S. coelicolor scbR2 mutant strain LW3 

(this study) by conjugation using E. coli ET12567 containing the RP4 derivative 

pUZ8002 (Flett et al., 1997;MacNeil et al., 1992). Integration of pTE216 into the 

chromosome and the scbR2 genotype of LW3/pTE216 were confirmed by PCR 

using primers JGattBI-fwd and JGattPint-rev (Hsiao et al., 2007), and primers 

scbR2A and scbRFW3 (Table S1), respectively (Fig. 1, S1). 

Construction of the act red cda triple deletion mutant S. coelicolor M1148 

Most of the gene cluster for CDA biosynthesis (SCO3210-49) was deleted from 

S. coelicolor M1142 (M145 act red; Gomez-Escribano, unpublished) in a two step 

process. First, cdaPSI and most of cdaPSII were replaced with an apramycin 

resistance cassette by PCR targeting followed by homologous recombination using 

pIJ12145 (Table 1). The remaining cda genes were then removed by homologous 

recombination with 2 kb flanking segments using pIJ12146 (Table 1). The resulting 

strain, M1148, was verified by Southern analysis (data not shown). 

Assays for secondary metabolite production 

For solid cultures, 4 x 107 spores of M145, M145crtEIVB, LW3, M1148, M1146, 

P100, LW6, M751 and M752 were streaked out as 2.5 x 2.5 cm2 patches and 

incubated for up to 10 days at 30C in darkness. Plates were scanned from the 

bottom to determine pigmented secondary metabolite production (Fig. 2, 4). 

S1 nuclease protection assay 

M145, M751 and M752 were grown in SMM and RNA was isolated as previously 

described (Takano, 2006). The S1 nuclease protection assay was conducted as 
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described (Takano et al., 2001). The probe for scbR2 was made using primers 

scbR2-REV uniquely labelled at its 5‟ end with [32P]ATP using T4 polynucleotide 

kinase and SCBR-FW to generate a 540 bp fragment with S. coelicolor M145 total 

DNA as template. A sequence ladder was generated using the SCBR-REV primer 

and a Sequenase 7-deaza-GTP sequencing kit (USB). The probe for cpkJ was made 

using primers ksER uniquely labelled at the at its 5‟ end with [32P]ATP using T4 

polynucleotide kinase and ksEF to generate a 502 bp fragment. pBR322 digested 

with MspI was labelled with [32P]ATP using T4 polynucleotide kinase and used as a 

marker. A protected 5‟ cpkJ transcript of about 190 nt was detected. All primers are 

listed in Table S1. The results shown for hrdB were previously published (Takano et 

al., 2005a). 

Reverse transcription and quantitative RT-PCR 

RNA was isolated as previously described (Takano et al., 2005a) from M145, LW3 

(scbR2::aac(3)IV) and LW6 (cpkO::aac(3)IV) grown in liquid SMM at three different 

time points at OD450 of: M145: (1) 0.61 (13.3 h), (3a) 1.36 (16.3 h), (5) 1.6 (21.3 h); 

LW3: (1) 0.46 (17.5 h), (2) 0.89 (21 h), (3) 1.48 (25 h, produced Red); LW6: (2) 0.54 

(19 h), (3) 0.72 (21.5 h, produced Red) and (4) 0.90 (25 h). The LW6 samples are 

identical with those used in (Takano et al., 2005a). DNase treatment was performed 

on 10 μg of each RNA sample used for the qRT-PCR experiments with 10U of 

DNaseI (Roche) and the absence of chromosomal DNA contamination was 

confirmed by PCR using primers hrdBrt1 and hrdBrt2 (Hsiao et al., 2007). To 

synthesize cDNA, 2 μg of RNA, 1.8 μg of random hexamers (Invitrogen) and dNTPs 

to a final concentration of 1 mM each were incubated at 72°C for 10 min; to this, 5x 

First-Strand Buffer (Invitrogen), DTT to a final concentration of 10 mM, 100U of 

Superscript II (Invitrogen) and RNase-free water were added to give a final volume of 

30 μl and the mixture was incubated at 50°C for 100 min and 75°C for 15 min. qRT-

PCR experiments were performed using the ABI Prism 7500FAST system (Applied 

Biosystems). Each 25 μl reaction contained 12.5 μl of SYBR Green PCR Master Mix 

(Applied Biosystems), 6.6 ng of cDNA, 10 pmol of each primer and 9.5 μl of water. 

The reaction parameters were as following: 95°C for 10 min, followed by 40 two-step 

amplification cycles consisting of 30 sec denaturation at 95°C and 1 min of annealing 

and extension at 60°C. A final dissociation step was run to generate a melting curve 

and consequently verify the specificity of the amplification products. Real-time PCR 
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was monitored and analyzed by the Sequence Detection System version 1.3 

(Applied Biosystems), and relative expression levels were normalized to mRNA 

derived from the major vegetative sigma factor (hrdB). All samples were run in 

triplicate. 

Results 

Deletion of scbR2 reveals a novel yellow diffusible secondary metabolite 

A deletion mutant of scbR2, which encodes a protein with 32% amino acid identity to 

ScbR and which is located in the cpk gene cluster, was made to assess the role of 

this putative regulatory gene in secondary metabolism. The genotype of the resulting 

strain, LW3 (M145 scbR2::aac(3)IV), was confirmed by Southern and PCR analysis 

(Fig. 1, S1). LW3 was assessed initially for secondary metabolite production after 

growth on R2YE agar medium for 21 h, 24 h, 27.5 h, 42 h, 48 h, 3 d, 4 d and 9 days 

(Fig. 2). Deletion of scbR2 resulted in a marked delay and reduction in actinorhodin 

production, and the appearance of a previously unseen yellow diffusible pigment. 

M145 and LW3 were subsequently compared on a range of agar media, including 

DNAgar, SMMS and R2 with essentially the same results. Production of the yellow 

compound was now also evident in M145, but only when grown on DNAgar, and it 

occurred at a much earlier time point of growth compared to the two known 

pigmented antibiotics and at a lower level than in LW3. Growth on MS agar, on 

which S. coelicolor sporulates well, revealed no detectable effect of the deletion of 

scbR2 on morphological development or on antibiotic production (data not shown). 

Since production of the yellow compound was maximal on DNAgar, where 

actinorhodin production was apparently abolished, this medium was used for further 

analysis. 
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Fig. 2 Antibiotic production on different agar media 

S. coelicolor strains M145 and LW3 (M145 scbR2::aac(3)IV) were patched in squares on DNAgar, 

SMMS, R2, R2YE medium and incubated at 30C for 21 h, 24 h, 27.5 h, 42 h, 48 h, 3 d, 4 d and 9 

days. The plates were observed from the bottom. 

 

Secondary metabolite production in the complemented scbR2 mutant 

resembles the parental strain 

To confirm that production of the yellow compound and reduced actinorhodin 

synthesis resulted solely from deletion of scbR2, scbR2 was reintroduced into LW3 

using the integrative vector pIJ82 (Kieser et al., 2000). The genotype of LW3 

containing pIJ82 harbouring scbR2 (pTE216) was confirmed by PCR (Fig. S1). 

Production of pigmented secondary metabolites by M145, LW3 (M145 

scbR2::aac(3)IV), LW3/pIJ82 and LW3/pTE216 was monitored for up to six days 

(Fig. 3). Production of the yellow pigment was more pronounced in the scbR2 

mutants than in the scbR2+ strains at all time points, while actinorhodin production 
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was restored in LW3/pTE216, although not to the level observed in M145. 

Production of the yellow pigment in LW3/pTE216 was restored to the same level as 

in M145, consistent with a role for scbR2 in regulating its production. 

 

 

 

Fig. 3 Complementation of the S. coelicolor scbR2 mutant strain LW3 

S. coelicolor strains M145, LW3 (M145 scbR2::aac(3)IV) and LW3 containing the empty vector pIJ82 

(LW3/pIJ82) and pIJ82 harbouring scbR2 (LW3/pTE216) were incubated on DNAgar at 30C. 

Production of pigmented secondary metabolites was monitored after 27.5 h, 48 h and 6 days of 

growth. 

 

Yellow compound biosynthesis requires a functional cpk gene cluster 

To exclude the possibility that the yellow compound was related to any of the other 

characterised secondary metabolites produced by S. coelicolor, M145 act red 

cda (M1148) and M145act red cda cpk (M1146) were grown on DNAgar in the 

dark (see below) and pigment production compared with M145, LW3 (M145 

scbR2::aac(3)IV), P100 (M145 cpkC::aac(3)IV) (Pawlik et al., 2007), LW6 (M145 

cpkO::aac(3)IV) (Takano et al., 2005a), M751 (M145scbA) and M752 (M145scbR) 

(Takano et al., 2001) (Fig. 4). P100 and LW6 are deletion mutants of genes 

encoding the biosynthetic PKS subunit CpkC and the pathway-specific activator of 

the cpk cluster, CpkO, respectively (Pawlik et al., 2007, and Takano et al., 2005a). 
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M751 and M752 are mutants in the -butyrolactone synthase (ScbA) and receptor 

(ScbR) of the S. coelicolor butanolide system (reviewed in Takano, 2006). 

Mutants lacking a functional cpk cluster (i.e. M1146, P100, LW6) failed to produce 

the yellow pigment (henceforth called yCPK), suggesting that it is indeed the product 

of the orphan gene cluster. M751 and M752 also did not produce the yellow pigment, 

suggesting a regulatory role in yellow pigment synthesis. 

 

 

 

Fig. 4 Antibiotic production on DNAgar 

S. coelicolor strains M145, M145crtEIVB, LW3 (M145 scbR2::aac(3)IV), M1148 (M145act red cda 

cpk), M1146 (M145act red cda), P100 (M145 cpkC::aac(3)IV), LW6 (M145 cpkO::aac(3)IV), M751 

(M145scbA) and M752 (M145scbR) were incubated on DNAgar at 30C. Production of pigmented 

secondary metabolites was followed at 21, 22.5, 24, 27.5, 42, 48 h and 6, 10 days. 
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The yellow compound is produced in a carotenoid deletion mutant 

S. coelicolor produces intracellular yellow-pigmented carotenoids when grown under 

light (Takano et al., 2005b). To rule out the possibility that yCPK could reflect 

carotenoid production, a S. coelicolor mutant blocked in carotenoid synthesis 

(M145crtEIVB) (Takano et al., 2005b) was grown on DNAgar (Fig. 4). The mutant 

closely resembled M145 in yellow compound production, which was clearly visible at 

27.5 h and faded afterwards (48 h). Consequently, yCPK is not related to carotenoid 

production. Moreover, all of the cultures shown in Fig. 4 were incubated in darkness, 

where carotenoid synthesis is not induced (Takano et al., 2005b). 

scbR2 is temporarily expressed in M145, repressed in a scbA mutant and 

constitutively expressed in a scbR mutant 

In previous work the -butyrolactone receptor protein ScbR was shown to bind to the 

promoter regions of its own gene and the pathway-specific activator gene cpkO, 

repressing transcription during exponential growth. During transition to stationary 

phase the -butyrolactone SCB1 is produced, binds to ScbR and relieves repression, 

thus inducing scbR and cpkO expression (Takano, 2006). It was also shown that the 

production of SCB1 was dependent on the -butyrolactone synthase ScbA (Hsiao et 

al., 2007; Takano et al., 2001). To understand the relationship between ScbR2, a 

ScbR homologue, and ScbA and ScbR, transcription of scbR2 was analysed in 

M145 and in congenic scbA and scbR mutants. 

The transcriptional start site of scbR2 was first determined by high resolution S1 

nuclease protection analysis and found to lie 50 nt upstream of the ScbR 

translational start site (an adenine at nt 6946379 in the NCBI genome sequence 

NC_003888 (GenBank entry AL645882) (http://www.ncbi.nlm.nih.gov)) (Fig. 5 A and 

B). Potential -10 and -35 regions lie upstream of the proposed transcriptional start 

site. While short direct and inverted repeats were detected in the intergenic region 

between scbR2 and the adjacent scoT, DNA sequences resembling previously 

reported binding sites for ScbR and its homologues ArpA, BarA and FarA (Takano et 

al., 2005a) were not observed. 

The expression of the cpk gene cluster was previously detected by microarray 

analysis using S. coelicolor grown in SMM (Takano et al., 2005a). Therefore to 

determine the role of ScbR and ScbA in regulating scbR2 expression, S1 nuclease 
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protection analysis was carried out on RNA isolated at different phases of growth 

from cultures of M145, M751 (scbA) and M752 (scbR) grown in SMM. None of the 

three strains produced the yellow compound (consistent with our results for M145 

grown on SMMS agar medium (Fig. 2)). However, transcription of scbR2 in M145 

increased dramatically in transition phase before decreasing slightly once the culture 

entered stationary phase (Fig. 5 C). In the scbA mutant, expression of scbR2 was 

abolished, while it was constitutively expressed throughout growth in the scbR 

mutant (Fig. 5 C). 

Expression of the putative yCPK biosynthetic gene cpkJ (SCO6283) was also 

examined. In M145, expression was detected during transition and early stationary 

phase, while no or little expression was observed in M751 (scbA) (Fig. 5 C). In 

M752 (scbR), expression of cpkJ was detected at high levels during exponential 

growth and at a lower intensity in stationary phase. 
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Fig. 5 S1 nuclease protection analysis of scbR2 and cpkJ 

(A) High resolution S1 nuclease protection analysis of the transcriptional start site of scbR2. An 

asterisk indicates the probable start site; the sequence of the template strand is shown. Lanes G, A, T 

and C are sequence ladders derived from the same labelled primers used to generate the PCR 

products. 

(B) The promoter regions of scbR2 and scoT. Possible -10 and -35 region sequences for scbR2 and 

scoT are indicated by solid and dashed boxes, respectively. Possible ribosomal binding sites (RBS) 

are shaded. Transcriptional start points are indicated by asterisks and the direction of transcription is 

indicated by arrows with the promoter of each gene indicated. Partial amino acid sequences of ScbR2 

and ScoT are given; start codons are marked with arrowed boxes. 

(C) S1 nuclease protection analysis of scbR2, hrdB and cpkJ transcripts using RNA isolated from 

liquid SMM cultures of S. coelicolor M145, M751 and M752. Numbers 1-8 denote the samples taken 

at different time points (see Materials and Methods). E, T and S indicate the exponential, transition 

and stationary phases of growth, respectively. M denotes a 190 bp size marker derived from pBR322 

digested with MspI. The hrdB data have been published previously (Takano et al., 2005a). 

 

scbR2, cpkC and cpkE are not expressed in a cpkO mutant 

To obtain further insight into the regulation of the cpk gene cluster, expression of the 

putative regulatory genes cpkO (SCO6280) and scbR2 (SCO6286), and the 

predicted biosynthetic genes cpkC (SCO6273) and cpkE (SCO6277), was assessed 

by qRT-PCR. RNA was isolated at three different time points from M145, LW6 

(cpkO) and LW3 (scbR2) grown in SMM liquid media. cDNA was synthesized 

from 2 µg of RNA and cDNA equivalent to 6.6 ng RNA was used in each qRT-PCR 

with different primers (Material and Methods and Table S1). Levels of gene 

expression are shown in Fig. 6 for cpkC, cpkE and cpkO as fold-change relative to 

the M145 time point 1 exponential growth phase sample (Fig.6 A), and for scbR2 

relative to the M145 time point 2 sample (Fig. 6 B), since with M145 time point 1 no 

scbR2 transcripts were detected. 

In agreement with the S1 nuclease protection results (Fig. 5 C), qRT-PCR analysis 

revealed transcription of scbR2 and all three cpk genes during transition phase in 

M145 (Fig. 6 A and B). Expression of scbR2, cpkE and cpkC was not observed in 

the cpkO mutant LW6 (Fig. 6 A and B), consistent with previous results (Takano et 

al., 2005a) and with the role of CpkO as a transcriptional activator of the cpk cluster. 
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As expected, transcription of cpkO was not detected in the cpkO deletion mutant 

LW6 (Fig. 6 A) since the primers used corresponded to the deleted region. 

 

Fig. 6 Quantitative RT-PCR analysis of cpkO, cpkC, 

cpkE, and scbR2 

qRT-PCR analysis of transcription of cpkO, cpkC, cpkE, 

and scbR2 using cDNA synthesized from RNA isolated 

from liquid SMM cultures of S. coelicolor M145, LW6 

(cpkO) and LW3 (scbR2). Numbers at the bottom 

denote samples taken at different phases of growth (E, 

exponential and T, transition phase). Gene expression 

is shown as fold-change relative to the M145 time point 

1 exponential growth phase sample (A) or to the M145 

time point 3a early transition phase sample (B) and is 

indicated on the left. Error bars indicate the standard 

deviation. 

 

 

 

 

 

 

cpkC, cpkE and cpkO are overexpressed in a scbR2 mutant 

Expression of cpkC, cpkE and cpkO occurred in M145 during late transition phase 

(M145 time point 5 in Fig. 6 A), while in the scbR2 mutant LW3, all three genes were 

transcribed earlier (LW3 time point 2 in Fig. 6 A) and eventually at much higher 

levels (12.9, 6.8 and 6.6 fold, respectively; LW3 time point 3 compared to M145 time 

point 5, Fig. 6A). This indicates a negative role for ScbR2 in regulating the 

expression of all three cpk genes. 
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Discussion 

Discovery of a novel yellow pigmented secondary metabolite in S. coelicolor 

by deletion of a regulatory gene 

Deletion of the gene encoding the -butyrolactone receptor homologue ScbR2 

resulted in a marked change in secondary metabolite production in S. coelicolor. In 

addition to loss of actinorhodin synthesis, the mutation induced the synthesis of a 

previously unseen yellow metabolite, yCPK. Analysis of several different mutants 

strongly suggests that yCPK is the product of the orphan cpk gene cluster. 

Subsequent growth of the parental strain M145 on the agar medium optimal for 

yCPK production also revealed yellow pigment production, but at much lower levels. 

There are several reports where manipulation of regulatory genes enhanced the 

production of a known antibiotic (e.g., (Bunet et al., 2008; Rigali et al., 2008)). More 

interestingly, Bok et al. disrupted and overexpressed the pleiotropic regulator LeaA 

in Aspergillus nidulans and identified the tdi gene cluster which is responsible for the 

production of terrequinone A, a previously undefined metabolite in the parental strain 

(Bok et al., 2006). Also in A. nidulans, Bergmann and co-workers overexpressed the 

pathway-specific activator gene apdR of a cryptic PKS-NRPS gene cluster resulting 

in the production of a group of metabolites not detected in the parent strain 

(Bergmann et al., 2007). The latter is the only current example of the activation of a 

silent gene cluster by the manipulation of a regulatory gene (Zerikly and Challis, 

2009). Thus, to our knowledge, the work reported here represents the first 

successful application of this approach beyond Aspergillus and is the first example of 

the deletion of a regulatory gene resulting in the production of a novel metabolite that 

had not been previously recognised in the parental strain. The emergence of multiple 

antibiotic resistant bacterial pathogens has created an urgent need for new 

antibiotics. The strategy reported here may provide an important route to the 

discovery of novel antibiotics that are currently “hidden” within the genomes of 

actinomycetes, where as many as 25 secondary metabolite clusters have been 

identified by sequence analysis (Omura et al., 2001). 
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ScbR2 is under the control of the S. coelicolor butanolide system and 

represses yellow compound production 

The absence of scbR2 expression in a scbA mutant and the constitutive expression 

of scbR2 in a scbR mutant (Fig. 5 C) suggests that scbR2 expression is controlled by 

the ScbA/R butanolide system. Previously, the pathway specific activator gene of the 

cpk cluster, cpkO, was shown to be negatively regulated by ScbR, which binds to the 

cpkO promoter region and represses transcription. The expression profile of scbR2 

resembles that of cpkO ((Udwary et al., 2007), Fig. 5 C, and Fig. 6 A and B). 

However, direct regulation of scbR2 by ScbR seems unlikely since no ScbR binding 

sites could be detected in the scbR2 promoter region (Takano et al., 2005a). The 

absence of a scbR2 transcript in the cpkO mutant (this study) suggests that scbR2 

is part of the CpkO regulon. 

The onset of scbR2 transcription in M145 occurs approximately 2 hours later than 

that of cpkO, cpkJ during early transition phase ((Takano et al., 2005a) and Fig. 5 C). 

Interestingly, the yCPK pigment decreased markedly after 27.5 hours, while in the 

scbR2 deletion mutant it was sustained for a much longer period of time (Fig. 4). 

Consequently, it is possible that ScbR2 may serve to ultimately suppress expression 

of the cpk gene cluster. This role is also implied by the overexpression of cpkO, 

cpkC and cpkE in the scbR2 mutant (Fig. 6 A), where cpkC and cpkE may be 

indirectly regulated by ScbR2 via the derepression of the positive regulator CpkO. 

Since CpkO activates both scbR2 and the biosynthetic cpk genes, this would 

constitute negative feedback regulation of yCPK biosynthesis. 

Actinorhodin production was highly impaired in the scbR2 mutant on all media tested 

and not visible on DNAgar even after 10 days of growth (Fig. 2 and 4). Although we 

cannot exclude direct or indirect transcriptional regulation of the actinorhodin gene 

cluster by ScbR2, this may reflect competition for precursor supply as actinorhodin 

and yCPK are known and predicted (Pawlik et al., 2007), respectively, to be derived 

from acetate. 

There are several other Streptomyces species in which pairs of putative -

butyrolactone binding proteins are involved in the regulation of secondary metabolite 

production (reviewed in (Takano, 2006)). For example, in Streptomyces 

ambofaciens, AlpZ and AlpW are involved in the regulation of alpomycin and orange 
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pigment synthesis (Bunet et al., 2008)). In Streptomyces virginiae, BarA is the 

primary negative transcriptional regulator of virginiamycin biosynthesis (Kinoshita et 

al., 1997;Nakano et al., 1998;Nakano et al., 2000). Binding of the virginiae 

butanolide autoregulator VB to BarA derepresses antibiotic production and also a 

corresponding resistance mechanism. However, in a strain mutated in the second 

-butyrolactone homologue BarB, virginiamycin is produced 2-3 h earlier. This 

suggests that BarB may also have a negative role in virginiamycin production, 

retarding synthesis until the cells acquired resistance against the antibiotic (Matsuno 

et al., 2004). Interestingly, in many of these examples, only one of the pair of 

homologous proteins (for example, ScbR and BarA) has been shown to be a true 

-butyrolactone binding protein, and it is conceivable that the other partner has lost 

this ability but instead acquired an alternative function to fine tune the production of 

secondary metabolism. 
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