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The bigger picture: infectious diseases, antibiotic therapy and 

antibiotic resistance 

Infectious diseases 

The United Nations‟ World Health Organisation (WHO) defines infectious diseases 

as “caused by pathogenic microorganisms, such as bacteria, viruses, parasites or 

fungi; the diseases can be spread, directly or indirectly, from one person to another”. 

Infectious diseases were reported responsible for almost one fifth of the total deaths 

worldwide in 2002. They ranked second in the list of leading causes of death 

following cardiovascular diseases which, however, can also be caused by infections 

(World Health Organisation, 1999; World Health Organisation, 2004). And 

undoubtedly, the impact of infectious diseases would be even more dramatic without 

the application of antibiotics. 

Antibiotics and antibiotic therapy 

Antibiotics are the drugs of choice to combat infectious diseases caused by bacteria. 

The term “antibiotic” (from the Ancient Greek ἀντί – anti, "against", and βίος – bios, 

"life") was introduced by Selman Waksman in 1942 to describe any substance 

produced by a microorganism that is antagonistic to the growth of other 

microorganisms in high dilution (Waksman, 1947). Today, although not clearly 

indicated by its name, an antibiotic is generally understood as a compound with 

antibacterial activity (Davey, 2000) and hence to be distinguished from, e.g., 

antiviral, antifungal, or anticancer drugs. 

Pioneering research by Paul Ehrlich in discovering new anti-infectives in the early 

20th century paved the way to modern antibiotic therapy (Kaufmann, 2008). A 

breakthrough – also in public awareness – was the introduction of penicillin which, 

after being discovered in 1928 by Alexander Fleming, saved the lives of countless 

soldiers during World War II (Nicolaou et al., 2009). Another milestone was the first 

successful treatment of tuberculosis (TB) by streptomycin, an antibiotic produced by 

the soil bacterium Streptomyces griseus, in the 1940s (Hopwood, 2007). 
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Antibiotic resistance 

The use of an antibiotic inevitably selects for resistant microbes (Clardy et al., 2006). 

Every antibiotic introduced in medical treatment has a limited shelf life, the time that 

a new drug can be effectively used before clinically significant resistance emerges 

(Clardy et al., 2006; Walsh, 2003). Bacterial resistance to antibiotics is a growing 

threat to the successful treatment of infectious diseases (Isturiz, 2008). For example, 

a clinical isolate of methicillin-resistant Staphylococcus aureus (MRSA) was found to 

be resistant also against the current “drug of last resort”, the oxazolidinon linezolid 

(Tsiodras et al., 2001). In recent years, multi-drug resistant tuberculosis (MDR-TB) 

and extensively drug-resistant tuberculosis (XDR-TB) emerged (Centers for Disease 

Control and Prevention, 2006), leading to a lengthier and costlier medical treatment, 

if a cure is possible at all. Once thought to be under control, TB, caused by 

Mycobacterium tuberculosis, has bounced back with a vengeance to kill almost 2 

million people each year, often in co-infections with HIV/AIDS (Frieden et al., 2003). 

Preventing the development of antibiotic resistance 

Antibiotic resistance development can be prevented by limiting the use of 

antimicrobial agents and by prohibiting the spread of resistant bacteria. Limiting the 

use of antibiotics is best done by avoiding unnecessary and ineffective use, in 

particular in animal husbandry (Swedish Ministry of Health and Social Affairs, 2006). 

In 2003, the EU has banned the non-therapeutic use of antibiotics as growth 

promotional agents in animal nutrition (European Parliament and Council, 2003). 

Efficacy of antibiotic therapies could be ensured by the provision of high-quality 

drugs and sufficient amounts of therapeutic antibiotics for an efficient treatment in 

poorer regions of the world (World Health Organisation, 1999). In clinical medicine, 

hygiene and the isolation of patients could help to deescalate the situation (Gaynes 

et al., 1983; Slaughter et al., 1996). 

Furthermore, alternative “non-antibiotic” therapies can reduce the use of antibiotics. 

Vaccination is an established practice to prevent or combat bacterial infectious 

diseases. In 1993, 85% of infants in 172 countries were immunized as part of the 

tuberculosis control programs (Slaughter et al., 1996; World Health Organisation, 

1995). On the other hand, antibacterial drugs derived from bacteriocins, 

proteinaceous bacterial toxins involved in microbial defence systems, can only be 
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envisaged today and have not yet reached the state of broad clinical applicability 

(Riley and Wertz, 2002; Sang and Blecha, 2008). Also, bacteriophage therapy will 

first have to prove its safety and therapeutic use in clinical trials (Mattey and 

Spencer, 2008). Antisense RNA (asRNA) technology is discussed as an upcoming 

method to allow a reduction in bacterial pathogenicity and to support the classical 

antibiotic therapy by the recovery of antibiotic susceptibility (Hebert et al., 2008). 

All these alternatives may eventually facilitate the treatment of infectious diseases. 

However, as most of these approaches are not yet implemented in clinical practice, a 

continuous supply of structurally novel antibacterial agents with multiple modes of 

action is needed to combat drug resistance (Pathania and Brown, 2008). 

Antibiotic innovation – past, presence and future 

During the “golden age” of antibiotic discovery from the late 1940s to the late 1960s, 

many new antibiotics and other natural products were identified in huge screening 

programs (Fig. 1) (Hopwood, 2007). Since then, mainly (semi-)synthetic modification 

of the known natural product scaffolds of -lactams, macrolides and fluoroquinolones 

was used to generate new antibacterial drugs. Not until 40 years later, with the 

approval of the oxazolidinone linezolid in 2000, a new structural class of antibiotic 

was introduced (Walsh, 2003). Only few large pharmaceutical companies are still 

active in antibacterial infectious disease research, which overall leaves the clinical 

pipeline for antibiotics rather empty (Hopwood, 2007). Facing the threat of an 

increase in resistant pathogens in connection with a decrease in potent drugs and 

antibiotic diversity, more effort has to be put in the search for new antibiotics again 

(Newman et al., 2003). 

For future antibiotics, new targets such as the non-classical isoprenoid biosynthesis 

pathway and cell-surface protein sortase enzymes may expand the list of well-

established targets (i.e. inhibition of either bacterial cell-wall biosynthesis, bacterial 

protein synthesis, DNA replication or folate coenzyme biosynthesis). Also, 

comparative analysis of microbial genome sequencing data will reveal the subset of 

essential bacterial genes and thus define molecular targets of special interest 

(Walsh, 2003). Furthermore, new insights into the four “classical” targets allow a 
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more rational drug design, including efforts to overcome known resistance 

mechanisms (Clardy et al., 2006). 

 

 

Figure 1 Discovery of important antibiotics and other natural products over the years (adapted 

from Hopwood, 2007). Bold type indicates actinomycete products; normal type indicates fungal 

products; italic type indicates products from non-actinomycete bacteria. 

New antibiotics – from where? 

New antibiotics from synthetic chemistry 

Synthetic chemistry produces antibacterial compounds from structures not found in 

nature, such as the sulfonamide drug family and the fluoroquinolones (Walsh, 2003). 

It has been argued that combinatorial chemistry will meet its boundaries not by the 

astronomical number of diverse structures that can be synthesized, but by the limited 

complexity of the compounds, which is relatively low when compared to natural 

products. Thus, natural products will continue to be a primary source of new 

antibiotics for the foreseeable future (Baltz, 2006). However, it is now common sense 

that both disciplines, combinatorial chemistry and natural product research, will 

support, fertilize and rely on one another (Bode and Muller, 2005). 
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New antibiotics from natural products 

More than three quarters of the clinically used antibiotics are either natural products 

or semi-synthetic derivatives of these molecules (Newman et al., 2003). These drugs 

originally derive mostly from fungi and from the bacterial order Actinomycetales (Fig. 

1), especially from the genus Streptomyces (Hopwood, 2007). From these, 

antibiotics are produced as so-called secondary metabolites. In contrast to primary 

metabolites, secondary metabolites are not directly involved in the normal growth, 

development, or reproduction of the bacteria, but, nevertheless, can be beneficial 

under certain circumstances. In the case of antibiotics, for example, one can easily 

imagine these as "chemical weapons" against competing microorganisms in the 

struggle for nutrients. 

The traditional way to identify antibiotics is to screen extracts prepared from their 

microbial natural producers against cultures of pathogens (Baltz, 2007). The success 

of screening programs today is challenged by the rediscovery of known natural 

products with high frequency and the technical problems associated with purification 

and structure elucidation of natural products from microbial fermentation (Challis, 

2008). Adaptation of the screening conditions, e.g., high-throughput screening 

against a model organism expressing several antibacterial resistant genes in one 

strain, would enhance the chances for discovering novel antibiotics and regain 

effectiveness (Baltz, 2006). 

Natural products – still a promising source for novel antibiotics 

The continual rediscovery of known natural antibiotics raised the question whether 

natural products and their producers might soon be exhausted as a source for novel 

antibacterial agents (Watve et al., 2001). However, even after 70 years of 

exploitation, the number of bioactive compounds still to be found from natural 

sources seems to be almost infinite. Estimates based on past success rates in drug 

discovery and the biodiversity of the producing organisms predict several thousand 

compounds deriving from the genus Streptomyces only, of which not more than 

1-3% has been unearthed so far (reviewed in Clardy et al., 2006). Approaches are 

being developed to culture “uncultivable” antibiotic producers as one way to access 

the diversity of the yet undiscovered compounds (Joseph et al., 2003; Kaeberlein et 

al., 2002). 

http://en.wikipedia.org/wiki/Cell_growth
http://en.wikipedia.org/wiki/Biological_development
http://en.wikipedia.org/wiki/Reproduction
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Natural product research in the post-genomic era 

Entering the post-genomic era, with currently more than a thousand complete 

microbial genome sequences available, has revolutionised the field of natural 

product research (Challis, 2008). 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 genes located in close vicinity (gene 

clusters) likely to encode natural product biosynthetic pathways in sequenced 

microbial genomes (“genome mining”; reviewed in Challis, 2008). One example for 

such antibiotic biosynthesis gene clusters, easily spanning >40 kb, are bacterial 

Type I polyketide synthase gene clusters (Type I PKSs). 

Type I polyketide synthases and combinatorial biosynthesis 

Type I polyketide synthases are multifunctional enzymes that are organised into 

modules, each of which harbours a set of distinct, non-iteratively acting activities 

(domains) responsible for several biosynthetic steps during the catalysis of one cycle 

of the polyketide chain elongation. A loading module is followed by several extension 

modules, eventually releasing a primary PKS product, which then often is further 

modified by tailoring enzymes encoded in the PKS gene cluster. Typical domains of 

a Type I PKS module are, for example, acyltransferases (AT), acyl carrier proteins 

(ACP), ketosynthases (KS), ketoreductases (KR), dehydratases (DH) and a terminal 

thioesterase function (TE) to release the intermediate compound (Bode and Muller, 

2005); also see Fig. 2B). Some domains are highly specific for a distinct substrate. 

Thus, based on sequence homology with PKSs of which the biosynthetic steps 

towards the end product are known, probable metabolic starter and extension units, 

as well as structural properties of the end products of novel polyketide synthase 

pathways can be predicted (Challis, 2008). The giant Type I PKS “production lines” 

are involved in the biosynthesis of macrolides, polyethers and polyenes, including 

several antibiotic scaffolds important in human medicine (e.g. erythromycin and 

tylosin) (Bode and Muller, 2005). 

The modularity and versatility of Type I PKSs made them a major focus of 

“combinatorial biosynthesis” (reviewed in Bode and Muller, 2005, and Challis, 2008). 

Combinatorial biosynthesis can be defined as the application of genetic engineering 
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to modify biosynthetic pathways in order to produce new and altered structures using 

nature‟s biosynthetic machinery (Floss, 2006). The genetic and enzymatic structure 

of Type I PKSs allows “lego-ization”, the recombination of modules from several 

distinct Type I PKS gene clusters in a completely new hybrid arrangement 

(Sherman, 2005). This approach has led to the production of, for example, several 

new erythromycin analogues (reviewed in Rodriguez and McDaniel, 2001). 

Combinatorial biosynthesis is not a recent development in natural product research 

(Floss, 2006). However, whole-genome analysis dramatically facilitated 

understanding the structure and function of the huge Type I PKS (Challis, 2008), and 

makes more and more “Lego brick”-modules available as building blocks for hybrid 

enzymes (Sherman, 2005). 

 

 

Figure 2 cpk gene cluster organisation and PKS domains (adapted from Pawlik et al., 2007). A 

The top line denotes the S. coelicolor chromosome. Lines underneath denote the cosmids 

overlapping the cpk gene cluster. ORFs are shown to scale as arrows. Gene names are given above 
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the arrows with the cpk cluster genes in bold type. The SCO numbers and bp numbers correspond to 

Bentley et al. (2002). B Modules (boxed on top) and enzymatic domains within the PKS subunits 

cpkA, cpkB and cpkC are indicated in the grey open arrow. Intermodular linkers are marked with black 

squares, and docking domains with white spaces. The predicted growing carbon chains are shown 

and the putative non-active dehydratase domain is crossed out. “Loading m” denotes the loading 

module. Ketosynthases (KS), acyltransferases (AT), acyl carrier proteins (ACP), dehydratases (DH), 

ketoreductases (KR), and a terminal reductase domain (TD) are indicated by their abbreviations. 

Orphan antibiotic gene clusters and “adoption” strategies 

Genome mining of known antibiotic producers revealed the capacity to synthesize 

many more secondary metabolites than were actually known from these organisms 

(Bode and Muller, 2005). For example, before the entire genome of the model 

streptomycete Streptomyces coelicolor had been sequenced, despite decades of 

research, it was known to produce only four antibiotics (Hopwood, 2007). Its genome 

sequence revealed that it actually possesses more than 20 gene clusters for 

secondary metabolite biosynthesis (Bentley et al., 2002). This leaves most of these 

gene clusters without an assigned end product. Many authors described these 

genetic loci as “cryptic” or “silent” (Gross, 2007). However, these terms are usually 

associated with a lack of gene expression, which led to a certain terminological 

confusion. Thus, Gross suggested the term “orphan” biosynthetic gene clusters or 

pathways to define “biosynthetic loci for which the corresponding metabolite is 

unknown” (Gross, 2007). 

Genomics-guided strategies to identify a metabolite deriving from an orphan gene 

cluster, and thus “adopt” the orphan cluster, ideally starts with the prediction of the 

compound‟s structure, e.g., of a Type I PKS end product (Challis, 2008). Thus, the 

analytical challenge can be drastically reduced by focusing solely on those 

metabolites with matching physiochemical properties. If only a precursor or starter 

unit can be predicted reliably, feeding of the natural producer with adequate isotope-

labelled precursors followed by NMR (nuclear magnetic resonance) spectroscopy in 

the so-called “genomisotopic approach” will allow to identify metabolites containing 

the labelled molecules. In cases where no sufficient predictions are possible, a 

combination of gene knockouts or heterologous gene expression with comparative 

metabolic profiling may provide successful strategies. The first approach involves 

inactivation of one or more hypothetical, biosynthetic or regulatory, genes of the 

orphan gene cluster, followed by the comparison of the metabolites produced with 
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the wild-type and the putative non-producing mutant. In the second strategy, the 

entire orphan gene cluster is cloned and expressed in a heterologous host. The 

metabolome profile of the heterologous host harbouring and lacking the biosynthetic 

gene cluster is then compared. Both methods rely on an appropriate powerful 

analytical technique such as liquid chromatography-mass spectrometry (LC-MS) for 

metabolic profiling (reviewed in Gross, 2007, and Challis, 2008). 

Streptomyces 

Streptomycetes are the predominant source for naturally produced antibiotics 

(Hopwood, 2007). The genus Streptomyces is part of the phylogenetic order 

Actinomycetales, Gram-positive bacteria with a high G+C content (>55%) ranging 

from the morphological simple rodlike Mycobacterium to the complex filamentous 

Micromonospora. Actinomycetales hence encompasses both Mycobacterium 

tuberculosis, the pathogen causing tuberculosis, and S. griseus, the producer of 

streptomycin, which was the first tuberculosis drug (Hopwood, 2007). 

Streptomyces comprises soil-dwelling filamentous bacteria that undergo a 

remarkable complex life cycle accompanied by a morphological differentiation 

resembling that of filamentous fungi, making Streptomyces a model prokaryote for 

the study of multicellular differentiation. In solid culture, starting from a germinating 

spore, septated substrate hyphae are formed, branching and rapidly growing into the 

medium. From this vegetative mycelium, aerial hyphae emerge subsequently, 

growing upwards, thereby reusing materials of the partially lysed substrate 

mycelium. Apical growth of the aerial mycelium stops and septa are formed at 

regular intervals along the hyphae forming unigenomic compartments that eventually 

differentiate into a chain of mature spores (reviewed in Horinouchi, 2007). 

Streptomyces is characterised by its ability to produce a vast variety of secondary 

metabolites, including antibiotics and other bioactive substances of high 

pharmacological and economical interest (Hopwood, 2007). The “physiological 

differentiation” in secondary metabolism is often correlated with the morphological 

differentiation in a growth-phase dependent manner, e.g., production of antibiotics 

coincides with the onset of aerial mycelium formation in agar-grown cultures and with 

stationary phase in liquid (Champness, 2000). Both processes are simultaneously 
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controlled by various nutritional factors, such as the carbon-, nitrogen-, and 

phosphate-sources, and also by trace elements (Horinouchi, 2007). 

The model streptomycete Streptomyces coelicolor 

Streptomyces coelicolor A3(2) has consolidated as the model organism within the 

streptomycetes (Chater, 2006). It is genetically well characterized and manipulable; 

the complete genome sequence of S. coelicolor strain M145 (a prototrophic 

derivative of A3(2) lacking the two S. coelicolor plasmids SCP1 and SCP2) has been 

published (Bentley et al., 2002); and an ordered cosmid library (Redenbach et al., 

1996), as well as microarrays covering the entire chromosome are available. Also, 

intensive proteome studies have been carried out (Hesketh et al., 2007). 

There are many more A3(2) derived S. coelicolor strains besides the sequenced 

strain M145, some of them auxotrophs after undergoing UV or X-ray mutagenesis 

(see Weaver et al., 2004 for a linage of S. coelicolor strains). Another plasmid-free 

prototroph is strain M600 that, in contrast to M145, did not undergo any mutagenesis 

and was shown to possess 1.06 Mb long-terminal inverted repeats (L-TIRs) at the 

ends of the 8.6 Mb S. coelicolor chromosome leading to a duplication of 1005 genes. 

However, transcript levels for the duplicated genes were similar in M145 and M600 

(Weaver et al., 2004). 

Streptomyces coelicolor antibiotics 

S. coelicolor produces at least four antibiotics: the SCP1 plasmid encoded 

methylenomycin (Bentley et al., 2004) and the chromosomally encoded calcium 

dependent antibiotic (CDA) (Hopwood and Wright, 1983; Lakey et al., 1983), the 

blue-pigmented polyketide (gamma-)actinorhodin (Act) (Bystrykh et al., 1996; Rudd 

and Hopwood, 1979) and the red-pigmented (undecyl-)prodigiosin (Red) (Feitelson 

et al., 1985). However, since genome analysis revealed many more secondary 

metabolite clusters of which 12 were still orphan (Bentley et al., 2002; Challis and 

Hopwood, 2003), S. coelicolor may synthesize more antibiotic compounds than 

identified to date. 
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Bacterial communication and “microbial hormones” 

Bacteria communicate using chemical signal molecules. As in higher organisms, the 

information supplied by these molecules synchronises the activities of large groups 

of cells, and thus allows bacteria to alter behaviour on a population-wide scale. 

Chemical communication involves producing, releasing, detecting, and responding to 

small hormone-like molecules termed autoinducers (Waters and Bassler, 2005). In 

so-called quorum sensing systems the population-density-dependent concentration 

of such autoinducers affects, for example, bioluminescence in Vibrio fischeri or 

virulence and biofilm formation in Pseudomonas aeruginosa (Swift et al., 2001). Two 

examples of small-molecule autoinducers are acyl homoserine lactones (AHLs) in 

Gram-negative (Fig. 3) (Fuqua et al., 2001), and modified oligopeptides 

(Kleerebezem et al., 1997) in Gram-positive bacteria. 

 

 

Figure 3 Chemical structures of -butyrolactones from Streptomyces and C4-homoserine 

lactone from Pseudomonas aeruginosa (adapted from Takano, 2006). The name of the signalling 

molecule appears in bold type, and the antibiotic that it affects or its other functions are shown in 

brackets. 
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-Butyrolactone regulatory systems in Streptomyces 

In actinomycetes, -butyrolactones are used as signalling molecules. Diffusible and 

effective in nanomolar concentrations, they induce and synchronise antibiotic 

production and, in some cases, also morphological differentiation in the mycelial 

colonies of streptomycetes (Bibb, 2005; Horinouchi, 2002). 

The A-factor system in Streptomyces griseus 

The best studied Streptomyces -butyrolactone system is the A-factor system (Fig. 4) 

regulating streptomycin and grixazone production, as well as sporulation in 

S. griseus (reviewed in Bibb, 2005; Horinouchi, 2007). The -butyrolactone A-factor 

is synthesized by AfsA from a glycol derivative and a -keto acid (derived from fatty 

acid biosynthesis) (Ando et al., 1997; Kato et al., 2007). A-factor binds to the 

cytoplasmic A-factor receptor protein and transcriptional repressor ArpA. ArpA 

consequently dissociates from the promoter region of adpA encoding a pleiotropic 

transcriptional activator. AdpA binds to the promoter regions of many genes required 

for morphological development and secondary metabolism. For streptomycin 

biosynthesis, AdpA activates strR encoding the pathway-specific transcriptional 

activator for the streptomycin biosynthesis gene cluster (Horinouchi, 2007). AdpA 

was also reported to autorepress its own expression (Kato et al., 2005) and seems to 

impair A-factor synthesis (Kato et al., 2004). Consistent with the regulatory cascade 

described, an afsA mutant lost A-factor productivity (Hara and Beppu, 1982) and an 

arpA mutant showed precocious antibiotic production (Miyake et al., 1990). 

The Streptomyces coelicolor butanolide system 

In the S. coelicolor -butyrolactone regulatory system (Fig. 4 and 5) (reviewed in 

Takano, 2006), S. coelicolor butanolides (SCBs) are produced in late transition 

phase dependent on the AfsA homologue ScbA (Takano et al., 2005). The structures 

of three distinct SCB compounds, SCB1, 2 and 3 (Fig. 3), have been determined 

(Takano et al., 2000) and neither was produced in a scbA mutant (Takano et al., 

2001). The -butyrolactones bind to the ArpA receptor homologue ScbR and prevent 

DNA binding of the transcriptional regulator. In the absence of -butyrolactones, 

ScbR binds to its own promoter, repressing its own expression, and to the promoter 

of the adjacent and diverging scbA gene (Takano et al., 2001). The precise role of 
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ScbR for scbA expression is under investigation (Takano, 2006). Microarray analysis 

revealed that ScbR directly regulates an orphan Type I PKS gene cluster in close 

vicinity of scbAR, the cpk (coelicolor polyketide) gene cluster (Fig. 2) (formally called 

kas gene cluster (Pawlik et al., 2007), via the pathway-specific regulatory gene 

cpkO. In contrast to scbA and scbR, there are two ScbR binding sites in the cpkO 

promoter region (Fig. 5). Two of the four ScbR target sequences known are 

completely conserved (Takano et al., 2005). A proposed ScbR binding consensus 

sequence led to the identification of a single additional site upstream of orfB, only 

two genes away from scbR. ScbR binding has been shown experimentally (Takano, 

unpublished), however, the role of the kinase homologue OrfB has not been 

determined (Takano, 2006). 

Initially, the S. coelicolor butanolide system was shown to affect the production of the 

two pigmented antibiotics Act and Red. A scbA mutant overproduces Act and Red, 

whereas deletion of scbR results in delayed Red production. However, the receptor 

protein and transcriptional regulator ScbR does not bind to the promoter regions of 

pathway specific regulators for Act and Red production (Takano et al., 2001). Thus, 

the recently characterised cpk gene cluster (Fig. 2) (Pawlik et al., 2007) may be the 

primary regulatory target of the SCB system, whereas production of Act and Red 

might be indirectly affected by precursor availability, regulatory cross-talk or by other 

unknown effects on the expression of the Act and Red antibiotic biosynthesis genes 

(Fig. 4 and 5) (Bibb, 2005; Takano, 2006). 
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Figure 4 Schematic representations of the A-factor regulatory cascade of Streptomyces 

griseus and the butanolide system of Streptomyces coelicolor. Arrows denote activation and 

lines with a bar denote repression. Dotted lines represent effects currently under investigation. 

Homologues or homologous functions are indicated by colours. Detailed descriptions are given in the 

text. For the S. coelicolor system, also see Fig. 5. 

 

 

Figure 5 Detailed schematic model of the butanolide system in Streptomyces coelicolor 

(adapted from Takano, 2006). ScbR (light-blue ovals) binds as a dimer to 4 target sites. One 
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repressor site is in front of its own promoter (scbRp) and two other repressor sites are in front of the 

cpkO (pathway-specific activator) promoter (cpkOp). In all cases, the -butyrolactones (SCBs; red 

triangles) bind to ScbR (deep-blue ovals with triangle) and relieves the repression. ScbA (pink circles) 

is involved in production of SCBs and also is required along with SCBs and ScbR for its own 

expression (scbAp, the scbA promoter). The precise mechanism remains to be elucidated and is 

under investigation (shown as „?‟). ScbR might regulate other genes which could in turn regulate the 

production of Act and Red. CpkO actively regulates transcription of the cpk gene cluster. Arrows 

denote activation and lines with a bar denote repression. 

-Butyrolactone regulatory system diversity in Streptomyces 

Although both the composition and the molecular mode of action of the key players 

are studied best with the A-factor system in S. griseus, it may not serve as a general 

model for Streptomyces -butyrolactones regulatory systems. 

Genes involved in the synthesis and binding of the -butyrolactones, respectively, 

are often located in close vicinity of each other and, furthermore, in or close to the 

target antibiotic biosynthesis gene cluster. ScbA and ScbR in S. coelicolor are 

neighboured and only a few genes upstream from the cpk gene cluster (Fig. 2). In 

contrast, AfsA and ArpA in S. griseus are ~100 kb away from each other and ArpA, 

involved in the regulation of streptomycin production, is not co-located with the 

cognate gene cluster (Bibb, 2005; Takano, 2006). 

AdpA is the central transcriptional activator in S. griseus. The S. coelicolor 

butanolide system lacks a counterpart with an analogous function. Nevertheless, we 

find adpA homologues in S. coelicolor. With 84% amino acid identity, the one that 

most closely resembles adpA from S. griseus is part of the Bld cascade related to 

development and its deletion results in the bldH mutant phenotype. Development is 

suggested not to be influenced by -butyrolactones in S. coelicolor and, even more 

important, in contrast to A-factor regulation of adpA in S. griseus, transcription of 

S. coelicolor adpA is not affected by the SCBs (Fig. 4) (Chater and Horinouchi, 

2003). 

Differing from A-factor, and similar to the SCBs, most other Streptomyces 

-butyrolactones appear to be devoted only to the regulation of secondary 

metabolism (Bibb, 2005). For example, virginiae butanolides (VBs; Fig. 3) control 

virginiamycin production in S. virginiae (Okamoto et al., 1995), and IM-2 (Fig. 3) 
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controls showdomycin and minimycin production in S. lavendulae (Waki et al., 1997). 

Furthermore, in contrast to ArpA from S. griseus, the -butyrolactone receptor 

proteins of the other three species (ScbR from S. coelicolor, BarA from S. virginiae, 

FarA from S. lavendulae) all seem to be required for normal production levels of their 

respective ligands (Kitani et al., 2001, Nakano et al., 1998, Takano et al., 2001, 

respectively). 

All these atypical features of the A-factor system raise doubts about its 

representativeness for Streptomyces -butyrolactone regulatory systems. However, 

despite partial similarities between other -butyrolactone regulatory systems, e.g., in 

S. coelicolor, S. virginiae and S. lavendulae, due to differences concerning other 

major aspects of the system, there may not be a feasible “general” model for these 

complex systems above the level of the molecular mode of action of the homologous 

proteins involved. The more examples are studied, the clearer the diversity and the 

complexity of Streptomyces -butyrolactone systems becomes (Chater and 

Horinouchi, 2003; Takano, 2006). 

A yet unidentified -butyrolactone is presumed to be involved in the regulation of 

tylosin production in S. fradiae. Besides three other regulatory genes, the unique 

regulatory cascade contains two -butyrolactone receptor homologues, tylP and tylQ, 

with TylP regulating tylQ transcription (reviewed in Cundliffe, 2008). S. ambofaciens 

(Bunet et al., 2008; Pang et al., 2004) and S. virginiae (Matsuno et al., 2004) are 

other examples of Streptomycetes with multiple -butyrolactone receptors. 

S. coelicolor possesses, in addition to ScbR, at least four other chromosomal ArpA-

like receptor proteins: CprA, CprB, SCO6323 and ScbR2 (Takano et al., 2005). 

Interestingly, ScbR2 is located in the ScbR-controlled cpk gene cluster (Pawlik et al., 

2007). The detailed functions of CprA, CprB, SCO6323 and ScbR2 are unknown. In 

particular, binding to a cognate ligand could not be shown for any of them, and no 

DNA target sequences were identified yet (Takano, 2006). Based on profound amino 

acid sequence analysis, CprA, CprB and ScbR2, together with, e.g., TylQ from 

S. fradiae and BarB from S. virginiae, make up a subfamily within the -butyrolactone 

receptors, which is suggested to comprise “pseudo”-receptors with a function as 

transcriptional regulators, but without ligand binding ability (Takano et al., 2001). 
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More work will be needed to resolve the role of this group of regulators in 

Streptomyces. 

-Butyrolactone biosynthesis 

The 2,3-disubstituted lactone ring structure of the -butyrolactones resembles that of 

acyl homoserine lactones (AHLs) from Gram-negative bacteria, except the carbon 

side chains (Fig. 3). Length, branching and stereochemistry of the fatty acid side 

chain differ between particular -butyrolactones (Fig. 3) (Horinouchi, 2002; Takano, 

2006) and seem to determine the highly specific binding of the different 

-butyrolactones to their cognate receptor molecules (Hsiao et al., 2009). Currently, 

biosynthesis of the small signalling molecules is of strong interest. AfsA was shown 

to be the key enzyme in A-factor biosynthesis, and the putative biosynthesis pathway 

in S. griseus was recently reported (Ando et al., 1997; Kato et al., 2007). 

Corresponding functions were shown for BarX, an AfsA homologue in S. virginiae, 

and ScbA from S. coelicolor (Hsiao et al., 2007; Lee et al., 2009). In addition to this 

enzymatic role, ScbA and perhaps BarX may also possess a regulatory function 

(Hsiao et al., 2007; Kawachi et al., 2000). 

Structure-function relationship in -butyrolactone receptors 

Including ArpA, Horinouchi and co-workers reported 37 ArpA-like -butyrolactone 

receptor homologues in actinomycetes (Nishida et al., 2007). As a general mode of 

action, the ligand-free -butyrolactone receptors bind to specific DNA sequences 

upstream of their target genes, typically repressing transcription in the absence of 

the signalling molecules. The -butyrolactones inhibit DNA binding of the receptor 

protein, and the target genes are expressed (reviewed in Takano, 2006). 

The cytoplasmic -butyrolactone receptors belong to the TetR family of 

transcriptional repressors (Ramos et al., 2005). Representative for the 

-butyrolactone receptors, the crystal structure of CprB, one of the ArpA homologues 

in S. coelicolor with a yet unknown function, was determined to be a dimer with an  

shape (Fig. 6) (Natsume et al., 2004). A monomer is composed of two domains, the 

DNA binding domain, containing a helix-turn-helix (HTH) motif, and a regulatory 

domain. The latter comprises a dimerization domain and a hydrophobic cavity 

probably serving as ligand binding pocket (Fig. 6) (Natsume et al., 2004). This 
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domain structure was confirmed by site-directed mutagenesis yielding a mutant ArpA 

protein that lacks DNA binding ability but retains -butyrolactone binding ability 

(Val41Ala in the HTH motif) (Sugiyama et al., 1998) or that binds to DNA but does 

not bind A-factor (Pro115Ser in the regulatory domain) (Onaka et al., 1997). Also 

tryptophan residue 119 was shown to be essential for ligand binding (Trp119Ala in 

the ligand binding pocket) (Sugiyama et al., 1998). It is suggested that the binding of 

-butyrolactones induces the relocation of helix 4, which links the binding pocket 

with the DNA binding domain. As a result of the relocation of the DNA binding 

domain, the -butyrolactone receptor dissociates from its DNA target sequences 

(Horinouchi, 2007; Natsume et al., 2004). The computer-modelled protein structure 

shown in Fig. 6 uses crystallographic analysis data of CprB (Natsume et al., 2004) to 

illustrate the general structure and functional domains of ArpA-like -butyrolactone 

receptors (Horinouchi, 2007). 

 

Figure 6 Protein structure of CprB. The first panel shows the overall structure of CprB. The 

-butyrolactone receptor homologue constitutes a dimer, each subunit of which contains an N-terminal 

DNA binding domain (DBD) with a helix-turn-helix motif, and a C-terminal regulatory domain (RD) 

including the dimerization domain and the ligand binding pocket (BP). The latter is located in a cavity 

of each regulatory domain and indicated by an arrow. For one monomer, amino acid residues 

involved in forming the BP (Natsume et al., 2004) are shown in orange. The second panel shows a 

close-up of the BP from another angle. Trp127 (corresponding to Trp121 in ScbR) and Glu126 

(corresponding to Arg120 in ScbR), that is not part of the BP, are labelled. The structure model was 

newly created using structure information from the RCSB Protein Data Bank (CprB (form Ia), 

accession code 1UI5 (Natsume et al., 2004)) and PyMOL (DeLano Scientific) software. 
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The orphan cpk gene cluster in S. coelicolor  

The cpk cluster in S. coelicolor had been partially identified previously (Kuczek et al., 

1997), but was fully revealed only after analysis of the whole-genome sequence (Fig. 

2) (Pawlik et al., 2007). The cluster was shown to be under the control of the 

S. coelicolor butanolide system. The -butyrolactone receptor ScbR represses 

transcription of cpkO, a SARP (Streptomyces antibiotic regulatory protein) 

(Wietzorrek and Bibb, 1997) and the pathway-specific activator of the cpk gene 

cluster (Fig. 4 and 5) (Takano et al., 2005). This was determined by microarray 

analysis and confirmed by further transcription studies. The suggested borders of the 

cluster are also based on the microarray study. The cpk cluster lies in close vicinity 

to the scbAR genes of the SCB system. It spans ~54 kb and contains three large 

Type I polyketide synthase subunits (cpkABC), as well as tailoring and regulatory 

genes (Fig. 2) (Pawlik et al., 2007). 

Among the regulatory genes, besides CpkO, we find another SARP, CpkN. The DNA 

target sequences for these transcriptional regulators are not identified yet. A third 

regulatory protein, ScbR2, a ScbR homologue with 32% amino acid sequence 

identity, was also identified in the cpk cluster. Neither binding to a putative 

(-butyrolactone) ligand, nor regulatory activity for a hypothetical target, has been 

shown with ScbR2 (Pawlik et al., 2007). The three regulatory genes in the 

-butyrolactone-controlled cpk cluster add to the complexity of the SCBs-based 

S. coelicolor butanolide regulatory system. 

The polyketide synthase subunits CpkA, CpkB and CpkC together comprise a 

loading module and five extension modules with a unique reductase as a terminal 

domain instead of a typical thioesterase function (Fig. 2). The intermediate 

compound produced is predicted to be built from six dicarbon units derived from 

malonyl-CoA to give a unsaturated 12-carbon chain, without any side chains (Fig. 2) 

(Pawlik et al., 2007). How tailoring enzymes may further modify this structure is not 

known. The cpk biosynthesis pathway end product has not been identified yet, and 

thus, the cpk gene cluster remains one of the orphan secondary metabolite gene 

clusters revealed in S. coelicolor. 
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Scope of this thesis 

Elucidation of the regulation of secondary metabolite production in Streptomyces is 

fundamental for the discovery of novel natural antibiotics with the potential to be 

developed into pharmaceutical drugs for the treatment of infectious diseases. The 

aim of this thesis was to further characterise the regulatory S. coelicolor butanolide 

system and to activate and characterise the orphan cpk biosynthetic pathway. 

Chapter 2 describes a novel yellow-pigmented secondary metabolite (yCPK). yCPK 

is conditionally produced in S. coelicolor M145 and overproduced in a scbR2 mutant 

that is deficient in a -butyrolactone receptor homologue located in the cpk gene 

cluster. The yellow compound is shown to be related to the orphan cpk cluster. The 

expression profiles of scbR2 and other regulatory and biosynthetic genes of the cpk 

cluster were determined, suggesting a role for ScbR2 as transcriptional repressor 

Together with the activator CpkO, ScbR2 constitutes negative feedback regulation of 

yCPK production, putatively terminating synthesis of the yellow pigment in M145 

after only a short production period. 

Chapter 3 describes the discovery of a new antibiotic (abCPK) in S. coelicolor under 

optimised culturing conditions for the production of yCPK. Production of abCPK 

coincides with that of the yellow pigment, and also abCPK depends on a functional 

cpk gene cluster. yCPK and abCPK, however, are shown to be distinct cpk cluster 

metabolites and to be partially synthesised outside the cell. The physiochemical 

properties of the new antibiotic were determined after extraction and abCPK is 

shown to be active against Gram+ and Gram- bacteria. 

Chapter 4 describes the identification and in vitro characterisation of a second form 

of the -butyrolactone receptor ScbR in the S. coelicolor strain M600 (ScbRM600). The 

scbRM600 gene differs from scbR in the sequenced strain M145 (scbRM145) by a 

single point mutation (c358a). This mutation leads to an amino acid change (R120S) 

located in close vicinity to the -butyrolactone binding pocket of ScbR. In vitro 

analysis of the ScbR variants, however, revealed no differences in ligand binding 

abilities, but showed a rapid loss of ScbRM600 DNA binding activity. 

To study the in vivo effect of the amino acid change in ScbRM600, a M145 scbR 

mutant was complemented with both ScbR variants with the resulting strains thus 
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differing only in the single point mutation in scbRM600. Compared to ScbRM145, DNA 

binding activity of ScbRM600 is also reduced in vivo, and expression of target genes 

involved in antibiotic production and the butanolide system are affected. 

Consequently, -butyrolactone production is slightly diminished. Antibiotic production 

in the two strains, however, highly resembles each other and is comparable to the 

parental strain M145. 

Chapter 5 summarises and discusses the results of this thesis. 




