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Abstract 

After the recent discovery of yCPK, a yellow pigment related to the previously orphan 

cpk gene cluster in Streptomyces coelicolor A3(2), growth conditions were 

systematically altered and optimized in terms of maximizing yCPK production. 

Feeding of the amino acid glutamate drastically increased the production of the 

yellow substance. Only then we could show that S. coelicolor strains that produce 

yCPK in high amounts also show antibacterial activity. However, we have evidence 

that this activity is not related to yCPK, but to another cpk metabolite, abCPK 

(antibiotic coelicolor polyketide). The novel antibiotic depends on a functional cpk 

gene cluster and is not related to Act, Red or CDA, three bioactive secondary 

metabolites from S. coelicolor. Active abCPK could be obtained independent from 

the yellow pigment. Furthermore, production of yCPK and the novel antibiotic could 

be separated by deletion of a putative secreted biosynthetic gene of the cpk cluster, 

scF. Deletion of the scF homologue cpkH resulted in the loss of yCPK and abCPK 

production. We therefore assume that late steps of the cpk biosynthetic pathway 

take place outside the cell where a precursor is converted into the active antibiotic 

and subsequently into the yellow pigment. abCPK showed bacteriostatic activity 

against Gram+ and Gram- bacteria. Both cpk cluster products are stable, polar 

compounds and further physiochemical properties were determined. 
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Introduction 

Streptomycetes are mycelial soil bacteria with a complex life cycle and morphology. 

Streptomycetes are of major interest in the search for new drugs since the family is 

the richest source of antibiotics and other bioactive compounds used in medicine 

and agriculture (Hopwood, 2007). Estimates suggest up to several ten thousands of 

yet unidentified secondary metabolites of pharmaceutical interest (Berdy, 2005; 

Watve et al., 2001). 

In classical screening programs strains are isolated from their natural habitats and 

tested for production of antibiotic agents. Entering the post-genomic era, with 

currently more than a thousand complete microbial genome sequences available, 

has revolutionised the field of natural product research. Together with the dramatic 

increase in our understanding of the genetics and enzymology of microbial natural 

product biosynthesis, and the availability of bioinformatics tools based on this 

knowledge, it is now possible to identify and analyse groups of related genes located 

in close vicinity – “gene clusters” – likely to encode natural product biosynthetic 

pathways in sequenced microbial genomes (“genome mining”; reviewed in Challis, 

2008). 

Genome analysis of the model Streptomycete Streptomyces coelicolor A(3)2 

revealed several secondary metabolite gene clusters (Bentley et al., 2002), among 

them 11 well-characterised compounds including the three known S. coelicolor 

antibiotics, the blue-pigmented polyketide (gamma-)actinorhodin (Act) (Bystrykh et 

al., 1996; Rudd and Hopwood, 1979), the red-pigmented (undecyl-)prodigiosins 

(Red) (Feitelson et al., 1985) and the calcium dependent antibiotic (CDA) (Hopwood 

and Wright, 1983; Lakey et al., 1983). A fourth antibiotic, methylenomycin, is not 

encoded chromosomally as the others listed, but on a plasmid (SCP1) lacking in the 

sequenced strain M145 (Bentley et al., 2004). There were also 12 additional so-

called “orphan” secondary metabolite clusters found to which no products could be 

assigned yet (Challis and Hopwood, 2003). 

Recently, we described a novel S. coelicolor metabolite as product of one of these 

hitherto orphan gene clusters, a yellow-pigmented compound (yCPK) related to the 

cpk (coelicolor polyketide) gene cluster (formally named kas cluster) (Gottelt et al., 
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submitted). The cpk cluster contains a Type I polyketide synthase and was described 

in detail in Pawlik et al., 2007. Until the discovery of yCPK, the cluster remained 

orphan and the chemical structure of the cpk cluster end product has not been 

determined yet. yCPK was conditionally produced in the parental strain M145 and 

overproduced in a scbR2 mutant, a -butyrolactone receptor homologue located in 

the cpk cluster. yCPK was shown to be related to the cpk cluster by antibiotic 

production analysis in a newly created deletion mutant of the entire act, red and cda 

clusters and a quadruple mutant where in addition also the cpk cluster was deleted 

(Gottelt et al., submitted). 

In this study, yCPK production in S. coelicolor was increased by the addition of 

glutamate to the medium. Under optimised culturing conditions for the production of 

the yellow pigment, an antibacterial agent (abCPK) was discovered which coincides 

with yCPK production. Like yCPK, also the antibiotic compound could be related to 

the cpk gene cluster by analysing mutants in the act, red, cda and the cpk gene 

clusters. In liquid culture yCPK was found only secreted into the medium. abCPK, 

however, could be isolated best from the cells which lacked yellow pigmentation. 

Furthermore, we prepared a knockout mutant in a cpk cluster gene that is unable to 

make yCPK, but still produces abCPK. This implies that yCPK and abCPK are two 

distinct metabolites of the cpk biosynthetic pathway. abCPK was shown to be active 

against Gram+ and Gram- bacteria and is stable in methanol. 
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Results 

yCPK production in S. coelicolor is enhanced in glutamate supplemented 

medium. 

As the detection of the yellow-pigmented cpk product (yCPK) in the sequenced 

S. coelicolor strain M145 was very difficult (Gottelt et al., submitted), media 

conditions were optimised for maximal production of yCPK. Glutamate (325 mM 

(final conc.) L-glutamic acid monosodium salt (Glu)) was added to minimal SMMS 

medium and to DNAgar additionally or to replace the casamino acids (CA) in SMMS. 

On SMMS with CA (CA-SMMS) yCPK production was not observed (Fig. 1) both 

with the parental M145 and the overproducing scbR2 mutant strain LW3 (M145 

scbR2::aac(3)IV). This is consistent with our results presented in Gottelt et al., 

submitted. On SMMS with glutamate in addition to the casamino acids (CA+Glu-

SMMS) the yellow pigment was detected, however, it was first observed only after 40 

h of growth (Fig. 1). If the casamino acids were replaced by glutamate (Glu-SMMS), 

and thus glutamate is the sole nitrogen source, and complex DNAgar medium 

supplemented with glutamate (Glu-DNAgar) gave the best production (Fig. 1 and 

Fig. 2, respectively). An increased amount of phosphate in (modified) SMMS showed 

no effect (data not shown). Both on Glu-SMMS and on Glu-DNAgar, after 24 to 26 h 

of incubation at 30C the diffusible yCPK was produced and the observed amounts 

and the onset of production were comparable between M145 and LW3. Nonetheless, 

whereas in M145 production seemed to stop after a comparably short time, with LW3 

the yellow pigment accumulated to persistent high amounts in the agar (Fig. 1 and 

Fig. 2). These results are highly consistent with the findings and conclusions 

presented in Gottelt et al., submitted. However, production of yCPK was clearly 

enhanced in glutamate supplemented medium. With LW3, in contrast to DNAgar 

cultures (Gottelt et al., submitted), the yellow pigment was still visible in high 

amounts even after almost 6 days of growth on Glu-DNAgar (Fig. 2). A direct 

comparison between DNAgar and Glu-DNAgar cultures is shown in Figure 3 where 

LW3 was grown without (0 mM) and with (10 to 400 mM) glutamate. Also Figure 4 

shows high yCPK production with LW3 on Glu-DNAgar, which is greatly reduced on 

DNAgar. 
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Higher final production levels and later onset of yCPK production with higher 

glutamate concentrations. 

To further characterise the effect of glutamate and to optimise yCPK production, 

S. coelicolor LW3 was grown on DNAgar supplemented with different amounts of 

glutamate and yCPK production was followed at 22, 24 and 26 hours of growth. 

Production on 10 mM Glu-DNAgar did resemble that on DNAgar without glutamate 

(0 mM Glu; Fig. 3). Addition of 50, 100 and 200 mM Glu-DNAgar resulted in higher 

yCPK production at all time points. However, with 300 and 400 mM Glu, onset of 

yCPK production seemed increasingly delayed with higher amounts of glutamate. No 

yellow pigmentation was observed after 22 h on 400 mM Glu-DNAgar (Fig. 3). As a 

compromise between increased and prompt production, further experiments were 

conducted using 325 mM (final conc.) L-glutamic acid monosodium salt in glutamate 

supplemented media. 

 

Figure 7 yCPK production on (modified) SMMS medium. S. coelicolor was incubated at 30C on 

SMMS medium containing casamino acids (CA-SMMS) and on modified SMMS containing glutamate 

additionally (CA+Glu-SMMS) or replacing the casamino acids (Glu-SMMS). Pictures were taken from 

the bottom after 26, 29 and 40 hours of growth. 
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Figure 8 yCPK production on DNAgar supplemented with glutamate. S. coelicolor was grown on 

glutamate supplemented DNAgar (Glu-DNAgar) at 30C. Pictures were taken from the bottom after 24 

h, 27 h, 47 h, 3 d and 6 d of growth. Onset of yellow CPK compound (yCPK) production was observed 

around 24 h of growth with strains M145, LW3, M1142 and M1147. 

 

 

Figure 9 yCPK production on DNAgar supplemented with different amounts of glutamate. The 

S. coelicolor scbR2 mutant LW3 was incubated on DNAgar supplemented with up to 400 mM (final 

conc.) glutamate at 30C. Pictures were taken from the bottom after 22, 24 and 26 hours of growth. 
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Also under optimised production conditions yCPK production is related to the 

cpk gene cluster. 

In Gottelt et al., submitted, we showed in DNAgar cultures that yellow pigment 

production is related to the cpk gene cluster. To confirm these results under the 

optimised production conditions, the parental S. coelicolor strain M145, LW3, M1142 

(M145 act red), M1144 (M145 act red cpk), M1147 (M145 act red 

cdaPS::aac(3)IV) and P100 (M145 cpkC::aac(3)IV) were now grown on Glu-DNAgar 

plates (Fig. 2). Yellow compound production was observed only with M145, LW3, 

M1142 and M1147 and not with the cpk mutant strains. Yellow pigmentation was first 

seen after 24 h of incubation. In contrast to LW3, in the other production strains 

yellow pigmentation faded after several hours of production and could not be 

detected even if no Act and Red was produced (M1142 and M1147; Fig. 2). These 

results are consistent with our results on DNAgar presented in Gottelt et al., 

submitted and clearly suggest that yellow compound production depends on a 

functional cpk cluster. 

In addition to the deletion of the PKS subunit cpkC in strain P100, we recently 

disrupted another hypothetical biosynthesis gene of the cpk cluster, cpkJ, which 

shows homology to nucleoside-diphosphate-sugar epimerases (Pawlik et al., 2007). 

The resulting in strain LW41 also did not produce yCPK after 27 hours of growth on 

Glu-DNAgar (Fig. 2). 

yCPK production in S. coelicolor LW3 is slightly enhanced in N-

acetylglucosamine supplemented medium. 

Van Wezel and co-workers suggested a putative positive effect of N-

acetylglucosamine (GlcNAc) on the expression of the cpk genes via the pleiotropic 

transcriptional regulator, DasR, and the activator of the cpk cluster, CpkO (Rigali et 

al., 2008). The effect of GlcNAc on the production of yCPK was tested with 

S. coelicolor M145, LW3 and P100 grown on DNAgar supplemented with 50 mM 

GlcNAc and/ or 325 mM Glu. Antibiotic production after two days of growth is shown 

in Fig. 4. As expected from our previous results (Gottelt et al., submitted), with none 

of the strains strong secondary metabolite production was observed on DNAgar. 

However, with LW3 a faint yellow pigmentation was still visible. On Glu-DNAgar, Red 

was produced in M145 and P100 and yCPK was observed in M145 and LW3 where 

LW3 clearly overproduces the yellow pigment. Compared to Glu-DNAgar, production 
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of yCPK in M145 and LW3 was lower on DNAgar supplemented with GlcNAc, but 

was still enhanced compared to DNAgar cultures. In agreement with Rigali et al., 

2008, GlcNAc stimulated Red production in M145 and P100, but not in LW3. Under 

the conditions tested, GlcNAc seems to have a stronger effect on the production of 

Red than on that of yCPK. Glutamate, on the other hand, rather stimulated yCPK 

than Red production. Pigmentation in DNAgar supplemented with both Glu and 

GlcNAc resembled that of the Glu-DNAgar cultures. 

 

 

Figure 10 Secondary metabolite production on DNAgar supplemented with 

N-acetylglucosamine and glutamate. S. coelicolor strains M145 (parent), P100 (M145 

cpkC::aac(3)IV) and LW3 (M145 scbR2::aac(3)IV) were incubated on DNAgar supplemented with 

glutamate (Glu) and/ or N-acetylglucosamine (GlcNAc) at 30C. Pictures were taken from the bottom 

after 45.5 hours of growth. 

 

yCPK is found in liquid culture supernatant and not inside the cells. 

S. coelicolor strains M145, LW3, M1142, M1144, M1146 (M145 act red cpk 

cda) and M1147 were grown in liquid Glu-DNB medium. Growth and secondary 

metabolite production was followed at 20, 24 and 28 hours (M145, LW3, M1142, 

M1144 (Tab. 1, Fig. 5A)) and at 22 to 46 hours (M145, LW3, M1146, M1147 (Fig. 

6A)). The yellow pigment was produced by S. coelicolor M145, LW3, M1142 and 

M1147 and not by strains M1144 and M1146 (Fig. 5A and 6A) which again confirms 

the dependency of yCPK on the cpk cluster. When cells were separated from the 

medium by centrifugation, these were found unpigmented despite the production of 

yCPK in strain M1142 (M145 act red), whereas the yellow compound was visible 

in the culture supernatant. In strains also producing Red (M145 and LW3), only red 
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and no yellow pigmentation of the cells was visible (Fig. 5A). Thus, yCPK seems to 

be present extracellularly. This is consistent with the yellow pigmented halos around 

yCPK producing strains in solid culture (Fig. 1 to 4). 

Under the conditions tested, typically, yCPK became visible in the culture 

supernatant after 26 to 28 h (Fig. 5A and 6A). The yellow pigment could be detected 

by measuring OD450 of the cell free culture supernatant and was quantified to the cell 

biomass (OD450 of a cell suspension in yCPK-free buffer). The results for M145, 

LW3, M1142 and M1144 are shown in Tab. 1 and Fig. 5B, indicating that in Glu-DNB 

compared to the parental M145, both the scbR2 mutant LW3 and strain M1142 

overproduce yCPK, whereas the cpk cluster deletion mutant M1144 lacks yellow 

pigment production. 

 

Table 1 Growth and yCPK production. Explanation in the text; also see Fig. 5. 

 M145 LW3 M1142 M1144 

 20 h 24 h 28 h 20 h 24 h 28 h 20 h 24 h 28 h 20 h 24 h 28 h 

OD450 (c) 0.62 0.92 1.48 0.57 0.92 1.26 0.26 0.92 1.4 0.71 0.86 1.35 

OD450 (s/n) 0 0 0.67 0 0 0.74 0 0 0.61 0 0 0 

OD450 (c) / 
OD450 (s/n) 

0 0 0.19 0 0 0.42 0 0 0.53 0 0 0 

 

 

Figure 11 Production and quantification of yCPK production in liquid Glu-DNB culture. 

S. coelicolor was grown in glutamate supplemented DNB medium (Glu-DNB). Samples were taken 
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after 20, 24 and 28 h. Cells were separated from the culture supernatant (s/n) and resuspended in a 

colourless buffer. Supernatant and cells are shown in a 96 well plate, culture medium and buffer are 

given as blank, respectively (A). To quantify the cell mass and the yellow pigment produced in the 

culture, OD450 of the cell suspension and the culture supernatant was determined, respectively. The 

graph shows the relative amount of yellow CPK compound (yCPK) produced (OD450 (s/n)) depending 

on the biomass (OD450 (cells)) at the three sampling time points (B). 

 

 

Figure 12 cpk gene cluster dependent production of an antibacterial compound in liquid 

culture. S. coelicolor was grown in glutamate supplemented DNB medium (Glu-DNB). Samples were 

taken between 22 and 46 h at the given time points and cell-free culture supernatant (s/n) and cells in 

culture medium (c + s/n) are shown. Culture medium is given as blank reference sample. After 22 to 

28 h of growth cell methanol extracts (CME) were prepared as described in experimental procedures 

and are also shown (A). The CME were tested for antibiotic activity. CME obtained after 22, 24, 26 

and 28 hours of growth were applied to holes in a B. subtilis indicator plate. To determine inhibition of 

bacterial growth, the plate was incubated at 30C overnight and pictures were taken from the top (B). 

 

S. coelicolor shows antibacterial activity dependent on the cpk gene cluster 

and enhanced by glutamate. 

Strains M145, LW3, LW41, M1142, M1144, M1147 and P100 were grown for 27 h on 

Glu-DNAgar plates when yCPK was clearly visible (Fig. 7). The plates were then 

completely overlaid with Soft Nutrient Agar containing 0.4% of the indicator strains 

Bacillus subtilis, Micrococcus luteus (Gram+) and Escherichia coli (Gram-) and 

further incubated overnight. Growth of B. subtilis was inhibited with the yCPK 

producing strains (M145, LW3, M1142, and M1147), but not with the cpk mutant 
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strains LW41, M1144 and P100 (Fig. 7A). The same results were obtained with 

M. luteus and E. coli and only the results for LW3 are shown in Fig. 7B. Growth 

inhibition of the Gram- E. coli, however, was weaker than that of the Gram+ indicator 

strains (Fig. 7A, B, C). Not only yCPK production but also antibacterial activity 

seemed to be increased in the scbR2 mutant strain LW3 when compared to the 

parental strain M145 (Fig. 7A). These results suggest that the observed antibiotic 

activity coincides with the production of yCPK and that it is also related to the cpk 

gene cluster. Bioactivity against B. subtilis and M. luteus could be shown in DNAgar 

cultures without additional glutamate. However, the inhibition zones were 

significantly smaller than on Glu-DNAgar plates and no activity could be shown 

against the Gram- E. coli under these conditions (data not shown). Thus, addition of 

glutamate to the medium seems to increase not only the production of the yellow 

pigment yCPK, but also antibacterial activity of S. coelicolor. 

 

Figure 13 cpk cluster related bioactivity of S. coelicolor against B. subtilis, M. luteus and 

E. coli. S. coelicolor was grown on glutamate supplemented DNAgar (Glu-DNA) for 27 h and overlaid 

with soft nutrient agar containing B. subtilis (A), M. luteus (B) and E. coli (C). To determine inhibition 

of bacterial growth, the plates were further incubated at 30C overnight and pictures were taken from 

the bottom. 
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Antibacterial activity does not require the yellow pigment. 

However, these data do not necessarily imply that the yellow pigmented compound 

is the actual bioactive agent. We prepared knockout mutants of scF (strain LW38) 

and cpkH (strain LW39) in the cpk cluster. The two homologues show 53 and 49% 

identity to AclO, a putative oxidoreductase involved in aclacinomycin production in 

Streptomyces galilaeus. They are described as secreted FAD-binding proteins 

(Pawlik et al., 2007) and have been shown to be substrates of the S. coelicolor Tat 

protein export system (Widdick et al., 2006). Thus, ScF and CpkH might be involved 

in late steps of the cpk biosynthesis pathway outside of the cell. 

As expected, no yellow compound was observed in LW38 (M145 scF::aac(3)IV), 

whereas Red and Act were still produced (Fig. 2). In contrast to any other mutant in 

the cpk cluster, despite the lack of yCPK production, LW38 still inhibited growth of 

B. subtilis, M. luteus and E. coli (Fig. 7A, B, C, respectively). This strongly suggests 

the existence of a colourless substance, different from yCPK, which is the actual 

antibiotic and also derives from the cpk biosynthetic pathway. Therefore, we named 

this substance abCPK (antibiotic coelicolor polyketide). Our results indicate a 

putative role for ScF in the conversion of the antibacterial abCPK into the yellow 

pigment yCPK. In agreement with this, LW38 may have a slightly higher antibiotic 

activity than the parental strain M145 (Fig. 7A). Also strain LW39 (M145 

cpkH::aac(3)IV) did not produce the yellow pigment (Fig. 2). However, in contrast to 

LW38 and resembling other cpk mutant strains (LW41, M1144, P100), no antibiotic 

activity was observed with LW39 (Fig. 7A). These observations correspond with a 

model in which an inactive precursor is secreted or diffuses from the cells and is 

subsequently converted to the antibiotic abCPK and the yellow-pigmented yCPK by 

the extracellular enzymes CpkH and ScF. 



abCPK 

 
 

 
 
64 

abCPK is produced in liquid cultures and can be extracted from cells with 

methanol. 

Production and isolation conditions for the abCPK compound were optimised. Cell 

and media samples from solid and liquid cultures were treated with different solvents 

and bioactivity tests were conducted in several ways (data not shown). Best results 

were obtained when cells were isolated from liquid culture and extracted with each 

500 µl methanol per 5 ml culture sample. 50 µl cell methanol extract (CME) was 

concentrated to 5-10 µl and spotted on the surface of a LB plate containing an 

indicator strain. Results for S. coelicolor strain LW3 are shown in Fig. 8. CME was 

prepared from 5 ml Glu-DNB culture samples every two hours between 20 and 30 

and at 44 hours (Fig. 8A) and tested for antibacterial activity against B. subtilis as 

described above (Fig. 8B). Bioactivity was observed from 22 hours onwards. Lack of 

activity at 20 h of growth, however, may be due to the low amount of extracted cells 

at this early time point and not due to missing abCPK production. Also, we cannot 

exclude that the increasing size of the inhibition zones at later time points is rather 

due to the increasing cell mass over time than to an increase in production of the 

antibiotic agent. Interestingly, antibiotic activity could be observed even before yCPK 

production became visible (after 22 h (Fig. 8B) and 28 h (Fig. 8A), respectively). 

Also, so far, it was not possible to isolate a bioactive agent from the culture 

supernatant where yCPK is found (Fig. 5A), but only from the cells. In addition to the 

yCPK independent production of abCPK obtained with a scF mutant strain described 

above, these data suggest that the yellow pigment and the antibiotic agent are 

indeed two distinct cpk compounds. Nonetheless, lack of bioactivity in the 

supernatant samples used may well be due the high dilution or the inactivation of the 

antibiotic agent in the course of upconcentrating the supernatant. Thus, despite the 

results reported here, we explicitly do not exclude the presence of abCPK in liquid 

culture supernatant. On the contrary, from the observation of extracellular 

antibacterial activity in solid cultures (Fig. 7) and the proposed production of abCPK 

outside the cells, we would expect the antibiotic to be found in the medium. 
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Figure 14 Optimised abCPK extraction and bioactivity test. S. coelicolor LW3 was grown in 

glutamate supplemented DNB medium (Glu-DNB). Samples were taken between 20 and 44 h at the 

given time points. Cell-free culture supernatant (s/n), cells in culture medium (c + s/n) and cell 

methanol extracts (CME) are shown in a 96 well plate. Blank culture medium and methanol are given 

as reference samples, respectively. The CME were prepared with 500 µl methanol from a 5 ml culture 

sample, independent from the cell mass (A). The CME were tested for antibiotic activity. Each 50 µl 

CME from the indicated sampling time points were reduced to 5 to 10 µl in a SpeedVac and dropped 

onto a B. subtilis indicator plate. To determine inhibition of bacterial growth, the plate was incubated 

at 30C overnight and pictures were taken from the top (B). 

 

Cell methanol extracts also contain Red (Fig. 6; also Kieser et al., 2000) and maybe 

other S. coelicolor secondary metabolites that stay inside the cells. Prodigiosins 

(Red) were shown to possess considerable antibiotic activity towards Gram-positive 

organisms (Gerber, 1975). Therefore it was important to show that the antibacterial 

activity observed with cell methanol extracts is related to the cpk cluster and thus 

independent from the other known S. coelicolor antibiotics (Act, Red, CDA). 

S. coelicolor strains M145, LW3, M1146 and M1147 were grown in liquid Glu-DNB 

medium and CME was prepared after 22, 24, 26 and 28 hours of growth (Fig. 6A). 

Antibacterial activity could be observed with M145 and LW3 and the act red cda 

mutant strain M1147 (Fig. 6B), but not for the act red cpk cda mutant strain 

M1146. This result is consistent with the bioactivity tests in solid cultures (Fig. 7) and 
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confirms that the described antibiotic activity is most likely dependent on the cpk 

cluster only. 

abCPK is stable in a methanol extract. 

To test the stability of the extracted abCPK, cell methanol extracts obtained from 

strain LW3 grown in Glu-DNB was prepared. Aliquots of the fresh CME were stored 

at 4C and room temperature (RT) or were dried-up completely using a SpeedVac, 

stored at -80C or RT, and eventually resuspended in methanol. Bioactivity against 

B. subtilis could be shown under all conditions tested (Fig. 9). 

abCPK shows bacteriostatic activity. 

To further characterize the antibiotic activity of abCPK, cells in- and outside the 

inhibition zone observed with abCPK against B. subtilis (Fig. 10A, compare to Fig. 9) 

were transferred to a LB plate without antibiotics (Fig. 10B). Cells from the control 

area (“3” in Fig. 10A), but also from a clear (“1”, next to the filter disc) and turbid (“2”, 

further away from the filter disc) area of the inhibition zone were found to grow on the 

fresh medium (Fig. 10B). The turbid area of the inhibition zone is most probably 

caused by a decreasing concentration of the diffusible abCPK dependent on the 

distance from the filter disc it was applied to. Re-growth of cells from a sample 

picked inside the clear inhibition zone may indicate a bacteriostatic rather than a 

bactericidal effect of the abCPK antibiotic. 

The cpk biosynthesis pathway products are smaller than 10 kDa. 

To further characterise both yCPK and abCPK, liquid culture supernatant containing 

yCPK and CME containing abCPK were run over 10 kDa size fractionation columns 

(Fig. 11). The yellow compound was detected in the culture supernatant (s/n) and 

the column flow-through (FT) by OD450 determination (Fig. 11A). Two thirds of the 

yellow pigment was found back in the FT fraction containing compounds smaller 10 

kDa. The antibiotic activity was detected by bioassays against B. subtilis in the fresh 

cell methanol extract (CME) and the column flow-through (FT). Also the size 

fractionation membrane was applied to the activity test taking into consideration that 

abCPK may attach there. However, no antibacterial activity was observed with the 

membrane and a methanol control (Fig. 11B). These results suggest that both cpk 

cluster metabolites are smaller than 10 kDa and that abCPK does not bind to the 
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size fractionation membrane. Furthermore, yCPK was shown to sustain yellow 

pigmentation over a wide pH range (pH 1 to 14; data not shown). 

 

 

Figure 15 Stability of abCPK. Cell methanol extract (CME) from S. coelicolor LW3 grown in 

glutamate supplemented DNB medium (Glu-DNB) for 28 h was prepared and tested for bioactivity 

after storage at 4C or room temperature (RT). 50 µl CME aliquots were dried-up completely in a 

SpeedVac and stored at -80C and RT before being resuspended in the same amount of methanol 

and dropped on filter disks on a B. subtilis indicator plate. Also containing a methanol control, to 

determine inhibition of bacterial growth, the plate was incubated at 30C overnight and pictures were 

taken from the bottom. 

 

 

Figure 16 Bacteriostatic activity of abCPK. An abCPK antibacterial activity assay was conducted 

as shown in Fig. 9. Cells in- and outside the observed inhibition zone (A) were transferred to fresh 

medium and incubated overnight (B). 
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Figure 17 Molecular mass determination of cpk gene cluster products. Supernatant from a 28 h 

S. coelicolor M145 Glu-DNB culture (A) and S. coelicolor LW3 cell methanol extract (CME) from a 28 

h Glu-DNB culture sample (B) were spun through a 10 kDa size fractionation column. The yellow-

pigmented yCPK was detected in the culture supernatant (s/n) and the column flow-through (FT) by 

OD450 determination against a blank culture medium reference (Glu-DNB). Results are given on the 

right; numbers in brackets indicate relative OD450 values (A). The antibiotic abCPK was detected by 

bioactivity assays against B. subtilis in fresh CME and the column flow-through (FT). Also the size 

fractionation membrane was applied to the activity test, as well as a methanol control. To determine 

inhibition of bacterial growth, the indicator plate was incubated at 30C overnight and pictures were 

taken from the bottom (B). 

 

Discussion 

For various reasons the number of genuinely new antibiotics discovered has been 

declining for decades while development of resistance among pathogens advances 

(Hopwood, 2007). Therefore, the search for pharmaceutically active natural products 

has moved back into the centre of scientific interest. The capacity of Streptomyces 

species to produce new types of secondary metabolites serving as new drug 

candidates seems to be almost inexhaustible (Berdy, 2005; Watve et al., 2001). 

Hence, although already studied for a long time, the genus is still one of the most 

promising natural sources for novel bioactive compounds. 

A novel antibiotic, abCPK, from the model actinomycete Streptomyces 

coelicolor 

In this study, a novel antibiotic with activity against B. subtilis, M. luteus and E. coli 

was identified in S. coelicolor produced at an early stage of growth (Fig. 6, 7 and 8). 

Under all conditions tested, this bioactivity was never observed with four 

independent mutants in the cpk gene cluster (LW39, LW41, M1147 and P100). 

Using mutants in which the entire gene clusters are deleted (M1142, M1144 and 
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M1147) antibacterial activity was shown to be independent from the three well 

characterised S. coelicolor secondary metabolites Act, CDA and explicitly from Red 

(Fig. 6 and 7). Red was reported before to have slight antibacterial activity against 

Gram+ bacteria (Gerber, 1975; Watve et al., 2001) and is extractable from cells with 

methanol, properties that resemble those of the newly discovered antibiotic. Our 

results strongly imply an antibiotic agent dependent on a functional cpk gene cluster 

(abCPK (antibiotic coelicolor polyketide) with presumably bacteriostatic activity (Fig. 

10) against Gram+ and Gram- bacteria (Fig. 7). 

yCPK and abCPK are distinct compounds, both related to the cpk gene cluster 

In Gottelt et al., submitted, we presented a novel yellow-pigmented secondary 

metabolite (yCPK) related to the cpk cluster. However, we have strong evidence 

suggesting that yCPK is not the bioactive agent (abCPK), but that they are rather two 

distinct metabolites, however, both deriving from the cpk biosynthetic pathway. We 

could separate yCPK and abCPK production by manipulating the ScF protein, which 

is part of the cpk cluster, and this may have lead to the accumulation of the antibiotic 

(Fig. 2 and 7). Furthermore, cells grown in liquid culture lack an apparent yellow 

pigmentation, whereas the antibiotic agent can be extracted from the cells (Fig. 5, 6 

and 8). We did see bioactivity with the yellow-pigmented culture supernatant (data 

not shown). This, however, does not mean that abCPK can only be found 

intracellular, since the inhibition zones in solid culture bioactivity tests clearly suggest 

diffusion or secretion of the antibacterial agent into the medium. Lack of activity in 

liquid culture supernatant thus may rather be due to a too low concentration of 

abCPK or due to instability of the compound when concentrating the medium to 

conduct bioactivity tests. 

With single mutants in the predicted cpk biosynthesis genes cpkC, cpkJ and cpkH 

we observed no yellow pigment and no bioactive compound production (Fig. 2 and 

7). CpkH and its homologue ScF posses signal sequences for the Tat secretion 

system (Widdick et al., 2006) and have high homology to a secreted oxydoreductase 

involved in antibiotic production in Streptomyces galilaeus (Pawlik et al., 2007). We 

therefore hypothesize that after synthesis of the polyketide backbone by the type 1 

PKS subunits cpkABC and modification by enzymes like CpkJ, a precursor 

polyketide is transported over the membrane (presumably by the CpkF protein, a 
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putative transmembrane efflux protein located in the cpk cluster (Pawlik et al., 

2007)). This intermediate is then further converted in a two step process performed 

by the secreted enzymes CpkH and ScF outside the cell: First, the precursor is 

transformed into the antibacterial abCPK by CpkH. Subsequently, the antibiotic is 

converted into the yellow pigment yCPK by ScF. 

A more detailed analysis of the role of ScF and CpkH in the cpk biosynthesis 

pathway is currently under investigation in our laboratory, as is the role of the 

transporters and modifying enzymes. To date the proposed dependency of the two 

CPK compounds must be regarded speculative, but recent results confirm that yCPK 

and abCPK can indeed be separated from each other during isolation (data not 

shown). Although we suggest formation of the active antibiotic outside the cell and 

growth inhibition halos indicate diffusion into the medium (Fig. 7), abCPK may to a 

certain extend stay attached to the cells since antibiotic activity could be shown with 

extracts obtained from cell pellets (Fig. 6 and 8). 

Despite great efforts, the chemical structure of neither yCPK nor abCPK could be 

elucidated yet. Partially purified samples of the yellow pigment and the antibiotic 

compound will be used to reveal first insights and to determine whether abCPK 

represents an entirely new bioactive agent or if we were able to link a known 

compound to the cpk gene cluster. However, from our results physiochemical 

properties of the two cpk products can be suggested. The aliphatic, unsaturated C12 

polyketide backbone is predicted to be formed from six malonyl-CoA units (Pawlik et 

al., 2007) which then is modified by tailoring enzymes of the cpk cluster. Both abCPK 

and yCPK are small molecules (<10 kDa) and diffusible in water-based medium. The 

hydrophilic antibacterial agent can be dissolved in methanol (this study) and other 

polar solvents such as DMSO and DMF (data not shown). In the experiments 

presented here abCPK was temperature stable (-80C to room temperature) and 

showed presumably bacteriostatic activity against Gram+ and Gram- bacteria. The 

yellow pigmentation is pH stable and derives from an absorption maximum of yCPK 

between 430 and 460 nm. Furthermore, yCPK is fluorescent (data not shown). 

Regulatory role of ScbR2 for CPK production 

More obvious in solid than in liquid culture, disruption of the -butyrolactone receptor 

homologue in the cpk cluster, ScbR2, in strain LW3 lead to the overproduction of the 
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bioactive agent and the yellow compound and impaired the production of the other 

pigmented secondary metabolites, Act and Red. To date, neither a direct regulatory 

role of ScbR2 for the cpk cluster or other targets, nor its ability to bind to 

-butyrolactones is determined. However, previous results indicated negative 

feedback regulation of yCPK production constituted by CpkO (activator) and ScbR2 

(repressor) (Gottelt et al., submitted). The decreased and delayed production of Act, 

but also Red, in LW3 could be indirect and due to a shift of common precursors into 

the cpk biosynthetic pathway. This hypothesis is to some extend supported by 

finding yCPK overproduced in the act red mutant compared to the parental M145 

and thus resembling strain LW3 (Fig. 5). Further investigation will be needed to 

reveal the mode of action of ScbR2 in the regulation of the S. coelicolor secondary 

metabolome. 

Glutamate increases CPK production 

Addition of glutamate to SMMS and DNAgar increased both the production of the 

yellow compound and the growth inhibitory effect of S. coelicolor. The cpk cluster 

contains the CpkG protein which is similar to class III aminotransferases, but does 

not show any homology to known antibiotic biosynthetic genes (Pawlik et al., 2007). 

Class III aminotransferases are known to directly metabolise the amino group from 

amino acids (Yonaha et al., 1992) which may explain the observed effect of 

glutamate. However, since we do not know the chemical properties of the cpk cluster 

metabolites yet and thus also not whether it contains any nitrogen, the role of CpkG 

is still speculative, as well as we consequently cannot explain the positive effect of 

glutamate on yCPK and abCPK biosynthesis. Since we used L-glutamic acid 

monosodium salt in comparably high amounts (typically 325 nM (final conc.)) also an 

effect of putative osmotic stress cannot be excluded. However, in independent 

experiments using even higher concentrations of NaCl in a different medium, yCPK 

production was not induced by osmotic stress (Takano, unpublished). 

Production of the yellow CPK compound in S. coelicolor M145 was never seen on 

the standard antibiotic production test medium SMMS (Fig. 1). On DNAgar, M145 

yellow compound production was visible only for a couple of hours before it faded 

and later the pigmented Red and Act became predominant (Gottelt et al., 2009). 

Only the overproducing strain LW3 allowed discovery of yCPK in the first place and 
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thus made optimisation of the culture medium by the addition of glutamate possible. 

These findings were even more apparent with the antibiotic CPK compound: After 

the discovery of yCPK, first tests on DNAgar hardly revealed any bioactivity, only 

very small inhibition zones were observed (data not shown). Only under improved 

conditions for the production of – apparently both – cpk cluster products (strain LW3 

on Glu-DNAgar), antibacterial activity became clearly detectable and also bioactivity 

test conditions could be optimised. This could explain why abCPK was not described 

and related to the cpk gene cluster earlier. 

Experimental procedures 

Bacterial strains and growth conditions. 

Bacterial strains and plasmids used are listed in Tab. 2. Streptomyces was 

manipulated as previously described (Kieser et al., 2000). E. coli strain JM101, strain 

ATCC 9341 (Micrococcus luteus, reclassified to Kocuria rhizophila (Tang and 

Gillevet, 2003), Bacillus subtilis DB104 (Kawamura and Doi, 1984) and strain ATCC 

6633 (Bacillus subtilis subsp. spizizenii) were cultured at 30C in LB medium 

(Sambrook and Russell, 2001). DNAgar and DNBroth (DNB) are described in Kieser 

et al., 2000. SMMS is the agar (1.5%, w/v) version of SMM (Kieser et al., 2000) as 

described in (Takano et al., 2001). In some cases, 10 to 400 mM (final conc.) of 

L-glutamic acid monosodium salt (glutamate or Glu) from Sigma was added to DNB, 

DNAgar and SMMS additionally or to replace the casaminoacids contained in 

standard SMMS. Typically, 325 mM Glu was used. When N-acetylglucosamine was 

added to DNAgar 50 mM (final conc.) was used. MS agar (Kieser et al., 2000) was 

used to grow cultures for preparing spore suspensions, the spore concentration was 

determined on LB plates. Soft nutrient agar (SNA) (Kieser et al., 2000) was used for 

antibacterial activity tests. 

Secondary metabolite production and antibacterial activity assay in solid 

culture. 

For solid cultures, each 4 x 107 spores from -20C spore stocks in 20% glycerol of 

S. coelicolor were streaked out for a 2.5 x 2.5 cm square or an irregular patch (Fig. 

4). In some cases a drop of a spore solution was directly applied to the plate (Fig. 2) 
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prior to incubation at 30C in darkness. For the antibacterial activity assay, plates 

were overlaid after 27 hours of growth with 2 ml SNA containing 0.4% of the indicator 

strains E. coli, B. subtilis or M. luteus from overnight cultures in 3 ml LB medium 

where the SNA completely covers the patch of Streptomyces. After further incubation 

overnight at 30C pictures were taken from the bottom to determine zones of 

bacterial growth inhibition. 

 

 

Table 2 Bacterial strains used in this study. 

Bacterial strains Comments References 

Bacillus subtilis 

ATCC 6633  (Nakamura et al., 1999) 

DB104  (Kawamura and Doi, 1984) 

Escherichia coli 

JM101  (Sambrook and Russell, 2001) 

Micrococcus luteus 

ATCC 9341 reclassified to Kocuria rhizophila (Tang and Gillevet, 2003) 

Streptomyces coelicolor A3(2) 

LW3 M145 scbR2::aac(3)IV Gottelt et al., submitted 

LW38 M145 scF::aac(3)IV This study 

LW39 M145 cpkH::aac(3)IV This study 

LW41 M145 cpkJ::Tn5062 This study 

M1142 M145 act red Gottelt et al., submitted 

M1144 M145 act red cpk Gomez-Escribano (unpublished) 

M1146 M145 act red cda cpk Gottelt et al., submitted 

M1147 M145 act red cdaPS::aac(3)IV Gomez-Escribano (unpublished) 

M1148 M145 act red cda Gottelt et al., submitted 

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

P100 M145 cpkC::aac(3)IV (Pawlik et al., 2007) 
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Secondary metabolite production in liquid culture, preparation of cell methanol 

extracts and antibacterial activity assay. 

For liquid cultures, each 2 x 108 spores from -20C spore stocks in 20% glycerol of 

S. coelicolor were incubated in 50 or 60 ml DNB supplemented with 325 mM (final 

conc.) Glu and sometimes with 2 ml/L of a trace element solution (for SMM (Kieser 

et al., 2000)) in a 250 ml Erlenmeyer flask (unbaffled, with spring) shaking at 220 

rpm at 30C overnight. 

At sampling time points, cells of a 1 ml culture sample were collected by 

centrifugation. 200 µl of the (yellow pigmented) culture supernatant (s/n) were 

transferred to a 96 well plate, the rest of the liquid was discarded. The cell pellet was 

resuspended in 1 ml colourless Tris/EDTA buffer (Kieser et al., 2000) and 200 µl 

were transferred to a 96 well plate. Left over 800 µl cell suspension was diluted with 

buffer to OD450 below 1 to determine growth of the culture. Sometimes, the 96 well 

plate samples derived from a full culture sample with cells in the culture medium (c + 

s/n (Fig. 6 and 9)). 

To prepare a cell methanol extract (CME), cells of a 5 ml culture sample were 

collected by centrifugation at 4C, the liquid was removed completely and the cell 

pellet was resuspended in 500 µl methanol. After incubation on ice for 10 min with 

occasional mixing, cells were spun down and the supernatant was collected as CME 

and typically stored at 4C in darkness. For documentation, 200 µl of the CME were 

transferred to a 96 well plate. 

The 96 well plate was scanned from the bottom with a blank culture medium and a 

pure methanol sample. In some cases, OD450 of the culture supernatant samples 

was determined using a plate reading photospectrometer. 

To test the antibiotic activity of the cell methanol extract, typically, a 50 µl aliquot of 

fresh CME was upconcentrated to 5-10 µl in the SpeedVac in approximately 10 min 

and dropped directly onto the surface of a freshly prepared 20 ml LB plate containing 

0.4% B. subtilis from a 3 ml liquid LB overnight culture. The plates were allowed to 

dry and incubated overnight at 30C. Pictures were taken from the bottom to 

determine inhibition of bacterial growth. For Fig. 6 the CME was applied to holes in 

the indicator plate and the picture was taken from top. For Fig. 9 changes in CME 
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preparation are indicated in the text and the CME are applied on 0.5 mm filter disks 

on the indicator plate. 

 

Size fractionation. 

Each 2 ml of a 28 hours liquid Glu-DNB culture supernatant (s/n) and a cell methanol 

extract obtained from a 45 ml culture sample using 2 ml methanol (CME) as 

described above were run over 10 kDa size fractionation columns (Microsep 10k 

Omega, PALL Life Sciences; centrifugation at 4C and 5000 g). The yellow CPK 

compound was detected in the s/n and the column flow-through (FT) by OD450 

determination against a blank culture medium reference. The antibiotic CPK 

compound was detected by bioactivity assays against B. subtilis as described above 

with the fresh CME and with the column flow-through (FT). For the latter, the size 

fractionation membrane was cut from the column and applied to the activity test, as 

well as a methanol control. 
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