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Abstract:  

Streptomyces are medically important soil-living bacteria that undergo morphological changes 

from spores to aerial hyphae and are important producers of bioactive compounds including 

antibiotics. Their gene expression is tightly regulated at the early level of transcription and 

translation. In the transcriptional control, sigma factors play a central role; the model organism 

Streptomyces coelicolor possesses astonishing 65 sigma factors. The expression of sigma 

factors themselves is controlled on the post-transcriptional level through the action of sRNAs 

that modify their mRNA level. However, only several sigma factors in Streptomyces have 

known regulons and also their sRNAs-mediated regulation has not been studied so far.  

According to previously measured gene expression data, we selected several highly expressed 

sigma factors. Using mutant strains with HA-tagged sigma factors, regulons of two important 

sigma factors, SigQ and HrdB, were analyzed by ChIP-seq procedure. Other sigma factors were 

further studied to see if they possess asRNAs, using 5ô and 3ô RACE method and northern 

blotting.  

Our data confirm the essentiality of HrdB sigma factor during the vegetative phase of growth. 

The other sigma factor, SigQ, has been revealed to be an important regulator of nitrogen 

metabolism and osmotic stress response coinciding germination. 

We also uncovered three novel cis-asRNAs corresponding to sigma factors SigR, SigB, and 

SigH; moreover, the last two are thought to mediate a complex formation with RNase III.  Based 

on these data asRNA-sigma factor-regulon transcriptional control pathway can be suggested. 

 

Key words: Streptomyces, sigma factor, cis-asRNAs, mRNA, RACE, northern blot, RNase III 

 

 



 

 

 

 

Abstrakt  

Streptomycety jsou l®kaŚsky dŢleģit® bakterie ģij²c² v pŢdŊ, kter® podl®haj² morfologickĨm 

zmŊn§m od sp·r po vzduġn® hyfy a jsou dŢleģitĨmi producenti bioaktivn²ch l§tek vļetnŊ 

antibiotik. Jejich genov§ exprese je pŚ²snŊ regulov§na v ļasnĨch ¼rovn²ch transkripce a 

translace. BŊhem Ś²zen² transkripce hraj² sigma faktory ¼stŚedn² roli; modelovĨ organismus 

Streptomyces coelicolor m§ ohromuj²c²ch 65 sigma faktorŢ. Exprese sigma faktorŢ samotnĨch 

je Ś²zena na post-transkripļn² ¼rovni pŢsoben²m malĨch RNA molekul, kter® modifikuj² hladinu 

jejich messengerovĨch RNA. Avġak pouze nŊkolik sigma faktorŢ ve streptomycet§ch m§ 

zn§m® regulony a tak® jejich regulace prostŚednictv²m malĨch RNA molekul nebyla dosud 

studov§na. 

V z§vislosti na pŚedt²m namŊŚenĨch datech o genov® expresi jsme vybrali nŊkolik vysoce 

exprimovanĨch sigma faktorŢ. Pomoc² mutantn²ch kmenŢ nesouc²ch sigma faktory znaļen® 

HA tagem byly analyzov§ny regulony dvou dŢleģitĨch sigma faktorŢ, SigQ a HrdB, pomoc² 

techniky ChIP-seq. Dalġ² sigma faktory byly d§le studov§ny pomoc² metody 5 ' a 3' RACE a 

Northern blottingu, aby se zjistilo, zda maj² asRNA.  

Naġe data potvrzuj² nezbytnost sigma faktoru HrdB bŊhem vegetativn² f§ze rŢstu. Uk§zalo se, 

ģe druhĨ sigma faktor, SigQ, je dŢleģitĨm regul§torem metabolismu dus²ku a regul§torem 

reakce na osmotickĨ stres, prob²haj²c² bŊhem kl²ļen² sp·r. 

Objevili jsme tak® tŚi nov® cis-asRNA sigma faktorŢ SigR, SigB a SigH; nav²c se pŚedpokl§d§, 

ģe posledn² dva vytv§Ś² complex s RN§zou III. Na z§kladŊ tŊchto ¼dajŢ lze navrhnout dr§hu 

pro transkripļn² Ś²zen² asRNA-sigma faktor-regulon. 

 

Kl²ļov§ slova: streptomycety, sigma faktor, cis-asRNA, mRNA, RACE, Northern blot, RN§za 

III
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1 Introduction  

Bacteria possess a wide variety of sophisticated regulatory mechanisms to control gene 

expression in response to changes in inner and outer environment. Transcriptional control plays 

a major role in the gene expression control, lying in promoter recognition, which is carried out 

by sigma factors. Sigma factor is a subunit of RNA polymerase and its selective binding to 

appropriate promoter initiates transcription. It recognizes promoter sequence, recruits RNA 

polymerase holoenzyme to the target promoter and  ensures unwinding of the DNA duplex near 

the transcription start site (Gross et al., 1998, Wosten, 1998). It is known that biological 

complexity is often correlated with regulatory complexity (Gruber & Gross, 2003, McAdams 

et al., 2004). It is proven that bacteria living in highly variable conditions, or having a complex 

life cycle, possess a lot of genes with regulatory and signalling functions (McAdams et al., 

2004). So even the number of sigma factors in each organism correlates with the life cycle 

complexity. A high degree of developmental complexity in bacterial kingdom is represented by 

the genus of Streptomyces. Streptomyces are mycelial mostly soil-living organisms that undergo 

complex life cycle including spore germination, substrate and aerial mycelium formation and 

sporulation. They are also medicinally important due to their production of secondary 

metabolites including antibiotics. These organisms code in their genome 65 sigma factors, the 

highest number among bacteria (Bentley et al., 2002). The principal and essential sigma factor 

HrdB regulates transcription of housekeeping genes in Streptomyces coeliocolor (Buttner et al., 

1990, Shiina et al., 1991), the model organism among Streptomyces. The common approach to 

studying sigma factor function is creating its deletion mutant and identifying which genes are 

affected. But this approach failed in the studying of the function of HrdB sigma factor in 
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Streptomyces, because of the lethality of its deletion (Buttner et al., 1990). So we developed 

epitope tagging mutagenesis applied for Streptomyces coupled with ChIP-seq in order to 

identify HrdB regulon. Epitope tagging mutagenesis lies on attaching epitope tag (in our case 

HA tag) to the given sigma factor. Subsequent chromatin immunoprecipitation selectively 

isolates the given sigma factor crosslinked to promoter sequences of target genes. Next 

generation sequencing and bioinformatic tools enabled us to identify genes under regulation of 

the respective sigma factor. We employed this approach also for sigma factors SigQ, SigB, 

SigH, SigR, SigE, SigD, and SCO1263 in order to clarify their function and identify their 

regulons, because based on the previously measured microarray data during spore germination, 

they were found to be highly expressed and SigQ was the most highly expressed among them 

(Bobek et al., 2014, Strakova et al., 2014).  

 

Another very effective regulation of gene expression is mediated through the acting of small 

regulatory RNAs affecting transcription, translation or mRNA stability. These can be cis-coded 

asRNAs sharing an extended complementarity and being coded near the target in an opposite 

direction and trans-encoded sRNAs sharing a limited complementarity and being coded far 

away from its target (Storz et al., 2011). The small RNAs act by various mechanisms to 

influence a wide range of physiological responses (Waters & Storz, 2009, Storz et al., 2011) 

and play a role in virulence (Murphy & Payne, 2007), quorum sensing (Baumgardt et al., 2016) 

or stress conditions (Waters & Storz, 2009). Antisense sRNAs ensure a simple and efficient 

way of gene expression control due to their close proximity to their target and their capability 

to block ribosome binding site resulting in inhibition of translation. They can also affect 

transcription through transcription interference mechanism (Thomason & Storz, 2010). Cis-
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antisense expression vary in bacteria from 13 % in Bacillus subtilis (Nicolas et al., 2012) up to 

49 % in Staphylococcus aureus (Lasa et al., 2011).  

Pairs of sRNAs - mRNAs are often subjected to degradation by RNases. Two main RNases ï 

RNase E and RNase III are involved in the degradation process. RNase E, cleaving a single 

stranded RNA (ssRNA), is a part of a degradation machinery in E. coli (Carpousis et al., 2009). 

Whereas RNase III degrades double stranded RNA (dsRNA) (MacRae & Doudna, 2007) and it 

was initially known to be associated with maturation of 16S and 23S rRNA (Gegenheimer & 

Apirion, 1981, Carpousis et al., 2009). It occurs in increasing evidence that RNase III is coupled 

with the degradation of sense/antisense RNA pairs (Blomberg et al., 1990, Gerdes et al., 1992) 

which led us to search for novel asRNAs associated with RNase III in Streptomyces coeliocolor 

which have not yet been reported in this genus. It was also described that sigma factors 

themselves are regulated by sRNAs (Klein & Raina, 2017). These are for example sRNAs 

MicA, RybB, and SlrA (MicL) in E. coli, which are regulated by ůE sigma factor in response to 

envelope stress and they simultaneously downregulate ůE in a feedback mechanism (Gogol et 

al., 2011, Klein & Raina, 2015). As we focused on studying sigma factors and their regulons, 

we wanted to know if sigma factors in Streptomyces coelicolor are regulated by sRNAs as well. 

We selected 12 mRNAs of sigma factors and subjected them to a potential asRNAs search. 

Using a combination of 5ô and 3ô RACE methods and Northern blot, we have, interestingly 

identified three novel asRNAs against sigma factors SigB, SigH, and SigR and described their 

gene expression during the three different life stages including substrate mycelium formation, 

aerial hyphae formation and sporulation. According to our results RNase III is thought to create 

a complex with as-sigB/sigB mRNA and sigH mRNA.  
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1.1 Model organism Streptomyces coelicolor 

Streptomyces coelicolor (Figure 1) is a Gram-positive, soil-living bacterium belonging to the 

group of Actinobacteria, order Actinomycetales. It is genetically best known among 

Streptomyces and therefore used as a model organism in laboratory experiments. This 

multicellular organism undergoes complex life cycle that is very unusual for bacteria. It 

includes differentiation into distinct growth forms (Kieser et al., 2000). Streptomyces coelicolor 

is a very valuable organism to soil environment. It degrades insoluble organic materials such 

as lignocellulose and chitin including other organismôs remains in order to obtain energy and 

thus it is integrated to the carbon cycle (Bibb, 1996, Bentley et al., 2002). 

It is also worth noting that actinomycetes produce a wide variety of the chemically diverse and 

biologically active metabolites (Berdy, 2005, Nett et al., 2009). They produce more than 2/3 of 

clinically used antibiotics and nearly 80 % of them are produced by Streptomyces spp. (Kieser 

et al., 2000). Streptomyces produces not only antibiotics such as vancomycin, erythromycin, 

tetracycline (Watve et al., 2001, Baltz, 2008) but also important antifungal (amphotericin B) 

(Caffrey et al., 2008), anticancer (mitomycin C) (Olano et al., 2009), antiparasitic (ivermectin) 

(Shiomi, 2004), and immunosuppressive (rapamycin) (Graziani, 2009) compounds. This 

finding makes them very important organisms in medicine. 

 

Streptomyces coelicolor possesses a GC rich (72.1%) genome with linear chromosome in the 

size of 8.67 Mbp which is the largest completely sequenced bacterial genome (Bentley et al., 

2002). Streptomyces coelicolor has two plasmids: SCP1, which is linear 365 kb long, and 

circular SCP2 plasmid in the size of 31 kb. In our study we used strain Streptomyces coelicolor 
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M145 which is a prototrophic derivative of the wild-type strain A3(2) lacking these two 

plasmids (Bentley et al., 2002).  

Genome sequencing revealed that Streptomyces coelicolor A3(2) possesses 7825 predicted 

genes and more than 30 clusters for secondary metabolites production (Bentley et al., 2002, 

Nett et al., 2009). Among them, there are known or predicted secondary metabolites, for 

example antibiotics (actinorhodin, undecylprodigiosin, methylenomycin A, calcium dependent 

antibiotic), siderophores (coelichelin, coelibactin, desferrioxamines), pigments 

(tetrahydroxynaphtalene, grey spore pigment), lipids (hopanoids, eicosapentaenoic acid) and 

other molecules (geosmine, butyrolactones) with bioactive function (Bentley et al., 2002, Nett 

et al., 2009). However, most of the clusters, offering a potential to produce new compounds, 

are cryptic gene clusters that are expressed poorly or not under laboratory growth conditions 

(Bentley et al., 2002, Baral et al., 2018). Biosynthesis of secondary metabolites is under the 

complex regulatory control with pathway-specific regulators which are controlled by globally-

acting transcription factors. These pleiotropic regulators are further regulated by environmental 

stimuli, morphological changes, stress conditions and therefore it is very difficult  to activate 

these biosynthetic pathways to produce cryptic metabolites (Baral et al., 2018). Activation of 

cryptic clusters can be triggered by several methods such as ribosomal engineering (Tanaka et 

al., 2013), genetic engineering to increase metabolic flux through the biosynthetic pathway 

(Gomez-Escribano, 2012), co-cultivation with other organisms (Rateb, 2013), construction of 

eligible host organism for heterologous expression of cryptic metabolites (Baltz, 2010, 

Komatsu et al., 2010), by constitutive expression of pathway specific regulator within the 

cryptic gene cluster (Laureti et al., 2011) or by stress stimuli and chemicals (Yoon & Nodwell, 

2014, Onaka, 2017). Given the fact that streptomycetes have a large number of cryptic gene 

clusters, they hide a huge potential to produce a novel biological compounds and thus it is a 
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major challenge for current research. For this reason it is also essential to clarify the regulatory 

systems in Streptomyces including the field of sigma factors, they regulons and regulators.  

 

Figure 1. Colonies of Streptomyces coelicolor grown on solid medium. Fluffy surface of the colonies is caused by 

the aerial hyphae. Blue colour is caused by the secreted antibiotic actinorhodin. Adapted from John Innes centre 

web www.jic.ac.uk). 

 

Life cycle 

Streptomyces undergoes complex life cycle that is very similar to filamentous fungi in terms of 

forming of branching filaments (Kieser et al., 2000). The growth of Streptomyces begins with 

spore germination, when the germ tubes appear. This life stage is represented by the transition 

from dormant state into active metabolism. The germination is initiated under favourable 

external conditions (water, nutrients, Ca2+), when the water influx causes loss of hydrophobicity 

and heat resistance, swelling occurs. This process allows the cells to reactivate metabolism in 

several minutes (Kieser et al., 2000, Bobek et al., 2004, Bobek et al., 2017). 

In the next stage of the Streptomyces life cycle, germ tubes are differentiated into branching 

hyphae that give rise to substrate mycelium. Theses hyphal compartments are septated and 

each septum contains several copies of the chromosome. Vegetative hyphae penetrate into the 

medium and begin to produce secondary metabolites (Kieser et al., 2000).  

http://www.jic.ac.uk/
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Afterwards aerial hyphae are formed in response to nutrient depletion. Part of the vegetative 

hyphae lyses and can be used as an alternative source of nutrients. In this life stage, the synthesis 

of antibiotics peaks in order to avoid the competitive organism. Aerial hyphae are then dissected 

by sporulation septa to form chains of uninucleoid spores (Kieser et al., 2000). The whole 

Streptomyces life cycle is depicted in the Figure 2.  

 

Figure 2. Streptomyces life cycle. The outer diagram shows mycelium development and the inner diagram is an 

expanded representation of hyphae in the developing aerial mycelium. After 2-4 days of growth, Streptomyces 

exhibit a fuzzy white surface of aerial mycelium. After 4-6 days, the white surface changes in gray when the long 

filament differentiate into chains of 50 or more uninucleoid spores. Adapted from (Schauer et al., 1988). 

 

1.2 Spore germination 

Dormant spores of streptomycetes are the only haploid state in the development of this bacteria 

and their main function is to maintain the genetic material under unfavourable conditions and 

also to expand it into a new environment (Haiser et al., 2009, Bobek et al., 2017). Spore 

germination is accompanied by the increase in the size of the spores and decrease of phase 
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brightness with subsequent germ-tube appearance (Figure 3) (Ensign, 1978, Hardisson et al., 

1978, Susstrunk et al., 1998).  

Spores of S. coelicolor consist of several surface layers that make them highly hydrophobic and 

rigid. One of the surface layers, a rodlet layer, creates a mosaic of 8-10-nm-wide parallel rods 

(Wildermuth et al., 1971, Smucker & Pfister, 1978, Claessen et al., 2002).  

Since germination is accompanied by the increased respiratory activity and ATP production, 

the initiation of germination is dependent on the capacity to produce energy (Eaton & Ensign, 

1980). Spores contain intracellular nutrient and source of energy which is trehalose (Ranade & 

Vining, 1993). Trehalose is also responsible for the resistance properties of the spores, mainly 

for the protection against heat and desiccation (McBride & Ensign, 1987, McBride & Ensign, 

1990).  Mechanical disruption of the outer spore sheath, heat shock or addition of calcium ions 

to the medium can induce spore germination (Mikulik  et al., 1977, Stastna, 1977, Eaton & 

Ensign, 1980, Bobek et al., 2017). 

During spore germination, autoregulative inhibitor germicidin A is produced, which 

coordinates the germinating spores population and it helps to maintain some population of spore 

ungerminated as a reserve for the case of sudden unfavourable conditions (Petersen et al., 1993, 

Aoki et al., 2011, Cihak et al., 2017).  

Spore germination includes cell wall reconstruction and therefore it is dependent on the cell 

wall hydrolases. Two cell wall hydrolases RpfA and SwlA are involved in the process of spore 

germination. These two enzymes cause degradation of spore peptidoglycan during spore 

germination (Haiser et al., 2009, Bobek et al., 2017).  

Cyclic AMP as a signalling molecule also plays an important role during spore germination 

(Susstrunk et al., 1998). It was shown that mutation in cAMP-binding proteins reduces 

germination rate (Derouaux et al., 2004). Mutation in cAMP receptor protein (CRP) resulted in 
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a decreased level of peptidoglycan hydrolase (SCO5466) important for the degradation of the 

spore wall during spore germination (Piette et al., 2005).  

 

Phases of spore germination 

Spore germination consists of three stages: darkening, swelling and germ tube emergence 

(Figure 3) (Hardisson et al., 1978). The darkening stage is characterized by decrease in 

absorbance and loss of refractility. The loss of refraction requires bivalent cations Ca2+, Mg2+, 

Mn2+, Zn2+ and Fe2+. Spores undergo an uncoating and spore lysozyme-like hydrolases are 

reactivated. These enzymes cause lysis and facilitate the reconstruction of cell wall 

peptidoglycan (Hardisson et al., 1978, Eaton & Ensign, 1980, Salas et al., 1983).   

Swelling stage is observed after 60 min of cultivation (Mikulik  et al., 1977). Continuous water 

influx resulting in an increasing size of spores is typical for the swelling stage. Although the 

cells contain trehalose as an inner source of energy, an input of exogenous carbon source is 

needed (Hardisson et al., 1978). Diverse proteins and ribosomes are reactivated (Mikulik  et al., 

1977, Cowan et al., 2003). The spores have in this stage the highest cytochrome oxidase and 

catalase activities and respiratory quotient (Hardisson et al., 1978).  

The last stage, germ tube emergence, is observed after 120 ï 140 min of cultivation and it is 

accompanied by the germ tubes appearance and a vegetative growth (Mikulik  et al., 1977). The 

central role of vegetative growth play a DivIVA protein localized at hyphal tips thus ensuring 

a new cell outgrowth (Flardh, 2003, Flardh et al., 2012). The second important protein is a 

chaperon-like protein SsgA that helps the cell wall synthesizing components to find the position 

for the future synthesis of peptidoglycan (Noens et al., 2007, Bobek et al., 2017).  

The process of germination differs among different Streptomyces species. For example S. 

viridochromogens and S. granaticolor are distinguished by robust germination with nearly  
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100 % of the spores germinating (Mikulik  et al., 1977, Bobek et al., 2004, Xu & Vetsigian, 

2017). S. coelicolor or S. venezuelae are characterized by a slow spore germination rate with 

some spores not germinating at all. It can be caused by the production of developmental 

inhibitors such as germicidins and hypnosins (Petersen et al., 1993, Aoki et al., 2007, Xu & 

Vetsigian, 2017). Spore germination of S. coelicolor is depicted in the Figure 3 and 4.  

 

Figure 3. Streptomycete spore germination (a, b ï dormant spores; c - e ï germinating spores). Adapted from 

(Bobek et al., 2017). 

 

 

 

Figure 4. Spores of S. coelicolor observed using electron microscopy. A ï dormant spores. B ï germinating spores 

at the time of 5,5 hours of growth with visible germ tubes. Adapted from (Strakova et al., 2013). 
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Dormant spores contain a pre-existing pool of mRNA and active ribosomes in order to ensure 

immediate translation of proteins at the beginning of spore germination (Mikulik  et al., 2002). 

RNA synthesis begins after 3 minutes of germination and protein synthesis starts at the 4th 

minute (Mikulik  et al., 1977). The hundreds of proteins are newly synthesized by de novo 

transcription and translation. Proteins for translation machinery and differentiation as well as 

chaperons are produced. Reactivation of translational systems occurs, resulting in massive 

proteome reconstitution accompanied by the rehydration, reactivation and refolding of 

aggregated proteins (Cowan et al., 2003, Strakova et al., 2013). Refolding of the proteins is 

ensured mainly by the chaperons GroEL, Trigger factor and  DnaK. They also contribute to the 

reactivation of ribosomes. When ribosomes are active, it can trigger translation. This resulted 

in the synthesis of the enzymes of central carbon metabolism, amino acid and nucleotide 

biosynthesis (Bobek et al., 2004, Strakova et al., 2013).  

Rapid proteosynthesis occurs in between 30 to 60 minutes of growth and the cells begin to 

communicate with outer environment. Proteins for energy metabolism, regulation and transport 

are produced. Master regulators such as BldD and Crp are expressed. Stress-related proteins, 

such as thioredoxin, also occur to maintain thiol homeostasis. Superoxide dismutase and 

catalase are also expressed to overcome redox stress (Strakova et al., 2013, Strakova et al., 

2013).  

It was also observed several important proteins necessary for cytoskeleton formation and cell 

division, such as DivIVA, FilP and also FtsZ, which is needed for germ tube emergence 

(Strakova et al., 2013).  

Transcriptomic and proteomic study were done systematically at 13 time points in 5,5 hours of 

germination. Figure 5 shows the expression profiles of each functional group. There are high 

peaks in the time point 1 hour of proteins connected with energy metabolism, regulation, 
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transport and binding which further decrease. In 1,5 hour there is a peak of functional group of 

membrane, lipoprotein and periplasmic proteins (Strakova et al., 2013, Strakova et al., 2013). 

Each functional group has own expression profile according to the need of the cells (Figure 5).  

The correlation between proteomic and transcriptomic data from the spore germination was 

found to be very low. Of the 247 genes/proteins, only 27.9 % were highly correlated. However, 

this finding is in agreement with other studies that were done in Streptomyces species showing 

a correlation of about one third of the expressed gene in the stationary phase (Vohradsky et al., 

2007, Jayapal et al., 2008, de Sousa Abreu et al., 2009). It is caused by the fact that not all 

mRNAs are directly translated into the proteins but undergo posttranscriptional regulation. 

Translational and posttranslational regulations also play a role in the variance between the 

proteomic and transcriptomic data (de Sousa Abreu et al., 2009).  

 

 

Figure 5. Expression profiles of de novo synthesized proteins within the measured time periods for the most 

occupied functional groups. Adapted from (Strakova et al., 2013). 
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1.3 Transcription 

Transcription is a process when DNA is transcribed to RNA. This process is ensured by RNA 

polymerase (RNAP). Bacterial RNA polymerase consists of six subunits ï ŬI, ŬII, ɓ, ɓô, ɤ and 

ů (Burgess et al., 1969, Travers & Burgess, 1969). Sigma factor (ů) is a specific dissociable 

subunit responsible for promoter recognition and is essential for the initiation of transcription 

(Wosten, 1998). Promoters are specific sequences on DNA where the transcription starts. They 

are upstream of the transcription start site (TSS) and are represented by -10 and -35 conserved 

regions (Browning & Busby, 2004).  

Transcription is comprised of initiation, elongation and termination phases. The initiation phase 

is characterised by the association of a sigma factor with the RNAP core enzyme and the 

recognition of a promoter sequence by sigma factor.  It is a multi-step process where the sigma 

factor bound to a promoter triggers a series of conformational changes in RNA polymerase and 

in the promoter region. Sigma factor plays the central role in this phase (Glyde et al., 2018). 

Firstly, it recognizes the promoter elements and forms the closed complex (RPc). This is called 

isomerisation and it causes the opening of 13 bp from the -10 element creating the transcription 

bubble and an unstable open complex. Afterwards, the final stable open complex (RPo) is 

formed  by melting a short region of DNA (Bae et al., 2015). The +1 template strand base is 

situated in the active site of the RNA polymerase and the transcription can start (Kontur et al., 

2006, Kontur et al., 2008, Gries et al., 2010, Kontur et al., 2010, Saecker et al., 2011, Paget, 

2015, Zuo & Steitz, 2015, Glyde et al., 2018). Promoter escape occurs and sigma factor is 

released from the transcription complex via DNA-scrunching mechanism (Hsu, 2002, 

Kapanidis et al., 2006) when the nascent RNA is 12-15 nt long, and the transcription proceeds 

to elongation phase (Mooney et al., 2005, Saecker et al., 2011). It was also shown that sigma 
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factor does not have to be released from the transcription complex, but it can remain associated 

with RNAP and can translocate with RNAP (Mukhopadhyay et al., 2001, Mukhopadhyay et 

al., 2003, Nickels et al., 2004, Kapanidis et al., 2005). 

During this process, abortive transcription occurs very often, resulting in the slipping of the 

RNAP from the DNA, and incomplete transcripts are produced (van Hijum et al., 2009). 

Usually, several abortive products are produced before the productive initiation occurs. The 

number and the length of these abortive products are a function of promoter sequence and 

conditions (Deuschle et al., 1986, Hsu et al., 2006, Saecker et al., 2011). In the abortive 

initiation, RNA polymerase synthesizes short RNA transcript but does not escape from the 

promoter. Instead, RNA polymerase discharges RNA transcript, returns back to RPo and re-

initiates transcription (Gralla et al., 1980, Duchi et al., 2016). In the productive pathway, RNA 

polymerase synthesizes 9 ï 11 nts long RNA transcript and escapes from the promoter entering 

elongation (Mukhopadhyay et al., 2001, Murakami & Darst, 2003, Duchi et al., 2016).  

Transcription elongation complex (TEC) is formed and RNAP core enzyme proceeds to 

elongation phase in which the nascent RNA is produced. RNA is transcribed from the template 

strand in 3ôŸ5ô direction generating the RNA molecule from 5ôŸ3ô (Belogurov & 

Artsimovitch, 2015). It follows the termination of transcription that can be accomplished by 

RNA stem-loop structure (intrinsic termination) or through the termination factor Rho (Ciampi, 

2006, Washburn & Gottesman, 2015).  
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1.4 Sigma factors 

Sigma factors play an important role in transcriptional regulation. The regulatory role of these 

proteins lies in selective promoter recognition and in coordinating transcription according to 

diverse stimuli such as stress, developmental stages, and changes in outer environment.  

Sigma factors were first identified in 1969 as a proteins stimulating transcription (Burgess et 

al., 1969). They possess three main functions: to recognize the promoter sequence, to recruit 

the RNA polymerase holoenzyme to the target promoter and to ensure the unwinding of the 

DNA duplex near the transcription start site (Gross et al., 1998, Wosten, 1998). The core 

enzyme is capable of nonspecific binding to DNA and the initiation of RNA synthesis from 

DNA ends or nicks but the specific transcription from promoters is ensured by sigma factor 

(Saecker et al., 2011). RNA polymerase core enzyme must first interact with a ů subunit to 

form the holoenzyme (Wosten, 1998).   

Bacterial sigma factors have from 20 to greater than 70 kDa (Helmann, 2001, Davis et al., 

2017). The number of sigma factors in each organism varies from 1 in Mycoplasma sp. over 17 

in Bacillus subtilis to 65 in Streptomyces coelicolor (Mittenhuber, 2002, Gruber & Gross, 2003, 

Hahn et al., 2003) and it correlates with the size of the genome and developmental complexity 

as shown in Figure 6. 
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  Figure 6. Number of sigma factors in diverse organisms (Mittenhuber, 2002) 

 

Sigma factors are multidomain subunits with four conserved regions (ů1, ů2, ů3, ů4)  

(Figure 7), but not all sigma factors possess all four regions. All sigma factors possess the ů2 

and ů4 domains containing the major RNAP- and promoter-binding determinants. Region 1.1 

is present only in group 1 of sigmas (described below) and it serves as an autoinhibitory domain, 

masking DNA binding determinants in free ů70 (Gruber & Gross, 2003, Paget, 2015).  

 

 

Figure 7. The schematic structure of ů70 and its interaction with promoter. Four conserved regions with non-

conserved region (NCR) are indicated. Arrows point to the regions of sigma factor that bind the promoter. Regions 
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2.4 and 4.2 recognize the -10 and -35 elements of the promoter sequence. Region 3.0 recognizes the extended -10 

element. Region 2.3 is responsible for DNA melting during transcription initiation (Paget, 2015). Adapted from 

(Gruber & Gross, 2003). 

1.4.1 Promoter recognition 

Bacterial promoters contain several motifs known as the -35 element, the extended -10 element, 

the -10 element, the discriminator region, the UP element (Figure 8) and the core recognition 

element (CRE). Only the -10 element is indispensable. Other elements may or may not be 

present. Each element is recognized specifically by RNAP and each has its own function from 

recognition over melting of DNA to the opening of the promoter so the whole process of 

initiation of transcription can be viewed as an orchestrated sequential process (Feklistov, 2013). 

The relative contribution of each element to the binding with RNAP varies from promoter to 

promoter (Browning & Busby, 2004) and the degree of similarity to the consensus sequences 

of each element determines the strength of a given promoter (Browning & Busby, 2016). 

Structural studies have shown that the -10 element and the discriminator element are both 

recognized as single-stranded (ssDNA) whereas other promoter elements (extended -10, -35 

element and UP element) are recognized as double stranded DNA (dsDNA) (Feklistov & Darst, 

2011, Zhang et al., 2012, Bae et al., 2015, Zuo & Steitz, 2015).  

Sigma70-dependent promoters possess 2 highly conserved sequences consisting of -35 element 

and -10 element that characterize the promoter given and its selectivity (Gross et al., 1998).  

Region 4.2 of sigma factor specifically recognizes and binds to -35 hexanucleotide sequence 

via multiple helix-turn-helix and major groove specific and non-specific interactions (Figure 8) 

(Gardella et al., 1989, Campbell et al., 2002, Lane & Darst, 2006). Consensus sequence of -35 

element of primary sigma factor is TTGACA in E. coli, but it varies across the bacterial 

kingdom and according to the sigma group (Hawley & McClure, 1983). An interaction of ɓ 
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subunit of RNAP with region 4 of sigma factor allows the region 4.2 to recognize and bind -35 

element (Geszvain et al., 2004).  

Region 2.4 recognizes and binds the -10 element on DNA (Figure 8) (Campbell et al., 2002). 

This element is called Pribnow box after its discoverer (Pribnow, 1975). It is a highly conserved 

and essential bacterial promoter motif (Hook-Barnard & Hinton, 2007, Shultzaberger et al., 

2007). The consensus sequence of this element in E. coli is TATAAT (Hawley & McClure, 

1983). The interaction of sigma factor with -10 element is critical for the melting of DNA, 

allowing the formation of transcription bubble. Region 2.3 also plays a role in DNA melting 

throughout the stacking interactions with -10 element (Helmann & Chamberlin, 1988, Feklistov 

& Darst, 2011).  

There are two more important regions on DNA that are bound by RNA polymerase. It is the 

extended -10 element and the UP element. The extended -10 element is a conserved TGn motif 

immediately upstream of the -10 element. It had been presumed that promoters with this 

extended -10 element often lack the -35 element (Gross et al., 1998) but it was shown that TGn 

motif plays an important role at promoters with weaker -35 elements (Campbell et al., 2002) or 

longer spacers (Mitchell et al., 2003). Extended -10 element increases the activity of RNAP 

through the interaction with region 3.0 of sigma factor (Figure 8) (Keilty & Rosenberg, 1987, 

Barne et al., 1997).  

The UP element is an AT rich 20 bp long region located between -40 and -60 bp on the DNA 

and is recognized by the C-terminal domains of the Ŭ subunits (ŬCTDs) (Figure 8) (Ross et al., 

1993, Gourse et al., 2000). UP elements are capable of increasing the transcription from the 

rRNA promoters (Rao et al., 1994, Estrem et al., 1998) and comprises of two distinct subsites 

ï proximal and distal, one for each ŬCTD. Promoters can have just one or both even though the 

distal element seems to function almost as well as the full UP element (Estrem et al., 1999). UP 
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elements have been found in many bacterial and phage promoters and may function with 

different sigma factor-containing RNAPs (Newlands et al., 1993, Ross et al., 1993, Fredrick et 

al., 1995).  

 

Another important but non-conserved region is the discriminator element which is located 

between -10 element and the TSS. It interacts with region 1.2 of sigma factor and is involved 

in the regulation of open complex lifetime (Figure 8) (Haugen et al., 2006, Haugen et al., 2008, 

Zhang et al., 2012, Zuo & Steitz, 2015). Most discriminator regions are 6 ï 8 bases in length 

(Shimada et al., 2014) and with increasing length from 6 to 8 the lifetime of open complexes 

decreases (Jeong & Kang, 1994, Liu & Turnbough, 1994, Lewis & Adhya, 2004).  

 

Between the extended -10 element and -35 element there is a region called spacer which is a 

variable non-conserved sequence in the length of 16 ï 18 bp (Figure 8) (Murakami et al., 2002). 

The most common length of the spacer for ů70 promoters is 17 bp (Hawley & McClure, 1983, 

Mitchell et al., 2003, Shimada et al., 2014). The length and extent of the bending of the spacer 

influence the effect of region 1.1 of sigma factor on transcription initiation kinetics and the 

structure of the open complex (Hook-Barnard & Hinton, 2009). Sigma binding to -10 and -35 

conserved region was suggested to produce a twist (or other deformation) in the spacer DNA 

that influences open promoter complex formation (Sztiller-Sikorska et al., 2011). 

In 2012, a novel element called core recognition element (CRE) was also identified. It is located 

between -4 and +2 on the non-template strand recognized by ɓ subunit (Zhang et al., 2012).  
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Figure 8. Interactions between the regions of ů70 RNAP and promoter regions. RNAP: Ŭ2 - cyan; ɓ and ɓ' - gray; 

ɤ - black. ů regions - as shown. Promoter: UP element - cyan; 35 element - blue; extended 10 - red; 10 element - 

yellow; discriminator - orange; transcription start site - green; DNA downstream of the transcription start site - 

gray. Linker regions in Ŭ and ů subunits are shown as springs. Adapted from (Ruff et al., 2015). 

 

1.4.2 Sigma factor families ů70 and ů54 

Sigma factors can be classified into ů70 and ů54 group according to the size and the promoter 

sequence they recognize. ů70 recognizes promoter sequence represented by -10 and -35 

conserved regions and forms RPo spontaneously. It is responsible for transcription of 

housekeeping genes and is related to the principal ů factor in Escherichia coli, ů70, which has a 

molecular mass of approximately 70 kDa (Browning & Busby, 2016, Glyde et al., 2017, Glyde 

et al., 2018). ů54 controls genes related with stress, heat shock, membrane stress and nutrient 

starvation (Buck et al., 2000). ů54 recognizes and binds promoter region -12 and -24 and needs 

an activator (enhancer) protein and ATP hydrolysis to form RPo formation (Rappas et al., 2007, 

Glyde et al., 2017, Glyde et al., 2018). The name is derived from the molecular mass which is 

in E. coli 54 kDa (Buck & Cannon, 1992).  
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Although bacteria possess multiple members of the ů70 family, they usually have no more than 

one member of ů54 (Buck et al., 2000). Some organisms contain both ů70 and ů54 family of 

sigma factors, whereas others possess only ů70 family sigmas. ů54 and its enhancers have never 

been reported in high-GC Gram-positive bacteria, including Streptomyces coelicolor (Buck et 

al., 2000, Studholme & Buck, 2000, Paget, 2015, Zhang & Buck, 2015). 

 

1.4.3 Classification of sigma factors 

In bacteria, primary sigma factors play essential role by ensuring the transcription of 

housekeeping genes. Alternative sigma factors are responsible for the transcription of diverse 

genes according to environmental conditions, life stages, stress responses, morphological 

development and other stimuli in inner and outer environment (Helmann, 2001, Feklistov et al., 

2014). They are further classified into four major phylogenetically and structurally distinct 

groups. In group 1, there are primary sigma factors and group 2 ï 4 consist of alternative sigma 

factors with specialized functions. The groups differ from each other by the presence or absence 

of four conserved regions (ů1, ů2, ů3, ů4) (Figure 9), their membersô essentiality, structure, size 

and function (Paget, 2015).  
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Figure 9. The domain organization of sigma factors groups 1 ï 4. Adapted from (Paget, 2015). 

 

Group 1 consists of essential primary sigma factors. They are presented in all known bacteria 

and are responsible for transcription of genes essential for cell survival. They contain all four 

conserved domains and a non-conserved region (NCR) (Helmann, 2002). The primary sigma 

factor in E. coli is encoded by rpoD gene and is known as ů70 (ůD), in Mycobacterium spp. it is 

known as MysA/SigA (Hurst-Hess et al., 2019), in Streptomyces spp. as HrdB (ůhrdB) (Tanaka 

et al., 1988) and in Bacillus subtilis and other gram-positive bacteria as SigA (ůA) (Helmann & 

Chamberlin, 1988, Gruber & Bryant, 1997). The consensus sequence (TTGACA and 

TATAAT) of the promoter recognized by the primary sigma factor in E. coli and B. subtilis 

seems to be similar in many bacteria (Helmann, 1995, Patek et al., 1996).  

 

Group 2 is not essential for bacterial growth (Lonetto et al., 1992). The structure of these sigma 

factors lacks region 1.1 but is very similar to the primary sigma factors in the amino acid 

sequence suggesting that both groups have extensive overlap in promoter recognition (Wosten, 

1998, Helmann, 2002, Sun et al., 2017). Sigma factors from group 2 participate in the regulation 
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of adaptation to stress associated with the stationary phase. In E. coli and other enteric bacteria, 

ůS (RpoS) is responsible for general stress response and mainly for gene regulation during the 

entry into stationary phase (Hengge-Aronis, 1999). In Gram-negative cyanobacteria it is SigB 

and SigC that are important for circadian responses during photosynthetic growth (Tsinoremas 

et al., 1996, Gruber & Bryant, 1997). The members of this group in high-GC Gram-positive 

bacteria are MysB in Mycobacterium spp., SigB in Corynebacterium glutamicum, and finally 

HrdA, HrdC, and HrdD in Streptomyces spp. (Gruber & Bryant, 1997, Kang et al., 1997, 

Wosten, 1998, Helmann, 2002).  

Group 3 lacks ů1 domain. Members of this group are involved in adaptive responses including 

flagellum biosynthesis, heat shock response, general stress and sporulation. This group is 

significantly smaller in size than group 1 and 2 ï typically 25 to 35 kDa (Wosten, 1998, 

Helmann, 2002, Paget & Helmann, 2003, Paget, 2015, Sun et al., 2017). E. coli ů28 (FliA) and 

other close related sigma factors responsible for flagellum biosynthesis in all motile Gram-

negative and Gram-positive bacteria belong to this group (Chen & Helmann, 1992). In B. 

subtilis it is for example SigB responsible for general stress response and four related sigma 

factors SigF, SigE, SigG, SigK regulating endospore formation (Hecker et al., 2007, 

Nannapaneni et al., 2012, Paget, 2015).  Group 3 sigma factors is represented in Streptomyces 

coelicolor with sigma factor WhiG responsible for spore formation (Ryding et al., 1998, Ainsa 

et al., 1999, Kaiser & Stoddard, 2011), and nine alternative sigma factors (SigB, SigF, SigG, 

SigH, SigI, SigK, SigL, SigM and SigN) called SigB-like sigma factors, that are homologs of 

Bacillus subtilis SigB (Cho et al., 2001). SigB in Streptomyces controls multiple stress 

response, morphological differentiation and secondary metabolism (Lee et al., 2005, Facey et 

al., 2009).  
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Group 4 is known as the extracytoplasmic function (ECF) sigma factors. They lack ů1.1 and ů3 

domains and also the first helix of ůR1.2 so they are the most minimal sigma factors (Haugen et 

al., 2008, Zhang et al., 2012). Due to very different amino acid sequences and structure they 

were first not identified as sigma factors. Their function is responding to environmental changes 

through the cell wall integrity. This is the largest and the most diverse group among sigma 

factors. It includes sigma factors responsible for cell envelope stress response, iron transport, 

oxidative stress and the general stress response (Staron et al., 2009, Paget, 2015).  ECF sigma 

factor is usually co-transcribed with a transmembrane anti-sigma factor with an 

extracytoplasmic sensory domain and an intracellular inhibitory domain (Helmann, 2002). 

Sigma factor AlgU of Pseudomonas aeruginosa responsible for alginate biosynthesis, and FecI 

of E. coli and PbrA of Pseudomonas fluorescens, both regulating iron uptake, belong to this 

group (Angerer et al., 1995, Sexton et al., 1996). B. subtilis contains five ECF sigma factors ï 

SigV, SigW, SigX, SigY, and SigZ. It is known only the function of SigX which is required for 

the overcoming of high temperatures (Huang et al., 1997, Kunst et al., 1997, Sorokin et al., 

1997). The Streptomyces coelicolor genome encodes 51 ECF sigma factors out of 65 sigma 

factors reflecting their complex habitat and developmental cycle (Helmann, 2002, Sun et al., 

2017). They are responsible for stress response and cell wall integrity. Sigma factors SigR 

regulating thiol-oxidative stress, SigE controlling cell envelope and BldN required for aerial 

mycelium formation are well-known (Paget M. S. B, 2002, Sun et al., 2017).   

Streptomycetes sigma factors are listed in Table 1.  
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Table 1. Sorting of sigma factors in Streptomyces coelicolor 

Group of sigma 

factor 
Function Representants 

Size 

(kDa) 

Group 1 
Essential                       

Regulation of transcription of 

housekeeping genes 

HrdB  40 - 70 

Group 2 
   - Non-essential                         HrdA, HrdC, HrdD  

37 - 43 
   - Regulation of growth   

Group 3  
   - Stress response                       

SigB, SigF, SigG, 

SigH, SigI, SigK, 

SigL, SigM, SigN, 

WhiG 

25 - 35 
   - Sporulation                             

   - Morphological differentiation 

Group 4 

ECF (extracytoplasmatic function) 

sigma factors    

BldN, SigA, SigE, 

SigR, SigT, SigU,etc. 
20 - 25 

   - Regulation of cell wall   

     integrity                                           

    -Stress response 

    - Regulation of aerial  

      hyphae formation 
 

1.4.4 Regulation of sigma factors 

A wide variety of mechanisms regulates the action and availability of the sigma factors. They 

can be controlled at the level of transcription, translation or protein turnover (Paget, 2015).  

Action of sigma factors might be regulated by the competition between sigma factors for the 

limited pool of RNAP core enzyme. It was found that E. coli ů70 , the major sigma factor, has 

16 times higher binding affinity to RNAP core than SigS (Maeda et al., 2000), which could be 

ï besides other things ï caused by the number of multiple contact interfaces with RNAP core 

of ů70 unlike SigS (Sharp et al., 1999). It is also proposed that growth related changes in 

transcription pattern, resulting in different sigma subunit binding affinities, could be caused by 

the specific intracellular conditions or additional factors (Ishihama, 1997, Ishihama, 1999, Kim 
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et al., 2004). For example the increase of glutamate (Ding et al., 1995), trehalose (Kusano & 

Ishihama, 1997) or polyphosphate (Kusano & Ishihama, 1997) can stimulate the preference of 

ůS over ů70. Also the regulatory nucleotides such as cAMP, ppGpp and AppppA might influence 

the transcription by different RNAP holoenzymes in different ways (DiRusso & Nystrom, 

1998).  

Another way to regulate sigma factors is the synthesis of alternative sigma factors as inactive 

pro-proteins carrying inhibitory leader peptide that must be cleaved in order to activate the 

sigma factor by controlled proteolysis (Chandrangsu, 2014).  These are e. g. SigE and SigK, 

Bacillus subtilis sporulation ů factors (LaBell et al., 1987, Lu et al., 1990).  

Sigma factors are also regulated by positive-acting regulatory proteins. A typical example is ů54 

requiring for its action an enhancer protein (Wigneshweraraj et al., 2008).  

 

1.4.4.1 Anti -sigma factors 

Alternative sigma factors, primarily ECF sigma factors, are commonly controlled by anti-sigma 

factors. They sequester sigma factors and prevent binding to RNAP core enzyme by blocking 

the key RNAP core binding determinants (ů2, ů4) in order to stabilise them and inhibit the 

transcription from given promoter (Helmann, 1999, Paget, 2015).  Anti-sigma factors are often 

co-transcribed with sigma factor gene, because they are encoded within the same operon. Thus 

the stochiometric level of given anti-sigma factor is maintained (Ho & Ellermeier, 2012, Paget, 

2015).  

Anti-sigma factors are often membrane associated proteins sensing the environmental 

conditions. They are comprised from extra-cytoplasmic domain and an intracellular inhibitory 

domain (Helmann, 2002). Environmental stimuli cause the release of sigma factor from the 
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association with anti-sigma factor, resulting in the activation of the transcription of related 

genes to overcome emerging conditions (Paget, 2015). 

A broad range of mechanisms leading to the release of sigma factors in response to 

environmental signals occurs such as partner-switching, direct sensing and regulated 

proteolysis (Paget, 2015).  

 

Partner switching 

Partner-switching mechanism is a common strategy of cells to modulate sigma factor activity 

which was extensively studied for the group 3 sigma factors SigB and SigF in B. subtilis 

(Helmann, 1999) (Figure 10). Even though SigF regulates sporulation (Stragier & Losick, 1996) 

and SigB controls stress response (Hecker & Volker, 1998), they are together with their 

regulators, paralogs.  

SigB in unstressed cells is sequestered by anti-sigma factor RsbW. Stress stimuli causes 

dephosphorylation of anti-anti-sigma factor RsbV resulting in the association of RsbW and 

RsbV and a simultaneous release of SigB that directs transcription of stress related genes 

(Hecker et al., 2007). 

  

Figure 10. Model of partner-switching mechanism controlling general stress response. In unstressed cells protein 

X is inactive and an ECF sigma factor is inhibited by the anti-sigma factor. In response to stress Protein X is 



 

 

28 

 

phosphorylated and bind to anti-sigma factor, thus releasing ů to allow them to associate with RNAP core to 

transcribe stress related genes. Adapted from (Francez-Charlot et al., 2009). 

 

Regulated proteolysis 

This mechanism, found in all kingdoms (including human) of sigma factor activation, lies in 

proteolytic cascade called regulated intramembrane proteolysis (RIP) pathway. It causes the 

release of sigma factor from the inactive membrane-associated sigma/anti-sigma complex and 

thereby allowing it to initiate transcription (Brown et al., 2000, Heinrich & Wiegert, 2009, Joshi 

et al., 2019).  

Environmental stimuli (such as stress) are sensed by the anti-sigma factor causing the activation 

of associated site-1 protease. Subsequent proteolysis of anti-sigma factor by site-2 protease and 

subsequently by cytoplasmic protease follows, resulting in the release of sigma factor from its 

binding which activates transcription of stress related genes (Figure 11) (Heinrich & Wiegert, 

2009). Site-1 and site-2 peptidases belongs to the important intramembrane cleaving proteases 

(I-CLiPS) catalysing the cleavage of transmembrane domains of substrate proteins (Weihofen 

& Martoglio, 2003, Erez et al., 2009).  

RIP plays a major role in a broad range of bacterial transmembrane signalling processes such 

as stress response (Schobel et al., 2004, Ades, 2008), sporulation (Rudner et al., 1999, Yu & 

Kroos, 2000), cell division (Bramkamp et al., 2006), cell cycle regulation (Chen et al., 2005), 

quorum sensing (Stevenson et al., 2007), pheromone and toxin production (An et al., 1999, 

Matson & DiRita, 2005), biofilm formation (Qiu et al., 2007, Heinrich et al., 2008) and 

virulence of pathogens (Urban, 2009).   

Among Gram-positive bacteria, this pathway was described in B. subtilis for ůW and its anti-

sigma factors RsiW. In response to a signal elicited by the antimicrobial peptides or other 
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agents, RsiW is cleaved by the site-1 protease PrsW and subsequently by the site-2 protease  

RasP (Schobel et al., 2004, Ellermeier & Losick, 2006).  

 

Figure 11. Model of the RIP pathway. Site-1 and site-2 are proteases. CM ï cytoplasmic membrane, CP ï 

cytoplasm. Adapted from (Heinrich & Wiegert, 2009). 

 

Direct sensing 

The environmental signal can be sensed directly by the anti-sigma factor leading to the 

conformational change resulting in the release of sigma factor from the association with anti-

sigma factor (Paget, 2015). This system was described for the first time in Streptomyces 

coeliocolor for SigR-RsrA system responsible for the oxidative stress response (Figure 12) 

(Kang et al., 1999). Sigma factor SigR is normally sequestered by binding anti-sigma factor 

RsrA located in the cell envelope. Upon oxidative stress RsrA is oxidised resulting in release 

of SigR, which directs transcription of its own operon (sigR-rsrA) and the thioredoxin reductase 

genes (trxBA). The induction of the thioredoxin system leads to reduction of RsrA and rebinding 

to SigR returning the cell to the balance state (Kang et al., 1999). 
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Figure 12. Model for a feedback regulatory loop of oxidative stress response mediated by ůR. Adapted from (Kang 

et al., 1999). 

 

1.4.4.2 RbpA factor 

RNA polymerase binding protein A (RbpA) was discovered in Streptomyces coelicolor and is 

highly conserved among actinomycetes including M. tuberculosis and M. smegmatis (Paget et 

al., 2001, Newell et al., 2006). It is responsible for rifampicin resistance of RNAP in vitro and 

for basal levels of rifampicin resistance in vivo and it stimulates the transcription of HrdB 

dependent ribosomal promoters in Streptomyces coelicolor (Newell et al., 2006, Dey et al., 

2010). Even though RbpA mutants grow slowly, they are viable and thus RbpA is not essential 

for the growth in Streptomyces coelicolor (Newell et al., 2006).  Tabib-Salazar et al. described 

the direct binding between RbpA protein and  principle sigma factor HrdB and group 2 sigma 

factor HrdA. HrdB and RbpA interact via ů2 domain of HrdB and C-terminal region of RbpA. 

The authors suggested that RbpA plays a key role in sigma cycle possibly acting as a chaperon-

like protein that helps in the formation of active holoenzyme during potential stress conditions 

(Tabib-Salazar et al., 2013).  
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1.4.4.3 6S RNA 

Another way of sigma regulation is via 6S RNA. This small non-coding RNA was first 

discovered in E coli. in 1967 (Hindley, 1967) and its structure and function have been identified 

further (Brownlee, 1971). It is highly abundant among bacteria (Barrick et al., 2005, Wehner et 

al., 2014) including Streptomyces coeliocolor (Panek et al., 2008, Mikulik et al., 2014).  

6S RNA binds ů70 of RNAP and inhibits transcription by competing with promoter DNA 

(Wassarman & Storz, 2000, Cavanagh & Wassarman, 2014). Region 4.2 of ů70 seems to be 

essential for its binding; it is also responsible for binding to -35 element of promoter DNA 

(Cavanagh et al., 2008, Klocko & Wassarman, 2009).  

6S RNA folds into closely related structures that have been conserved across various bacterial 

species. The structure consists of a single-stranded central bulge within a highly double-

stranded molecule and thus it mimics a DNA template in an open promoter complex (RPo) 

(Figure 13) (Wassarman, 2002, Barrick et al., 2005). 

6S RNA binds to ů70 when the cells enter the stationary phase of growth and leads to a 

downregulation of ů70 -dependent transcription (Trotochaud & Wassarman, 2005). About 90 % 

of the 6S RNA in the cell associate with ů70 during exponential and stationary phase in E. coli 

(Wassarman & Storz, 2000).  

6S RNA not only resembles an open promoter complex but it can be used as a template for Eů70 

to synthesize pRNA (14-20 nts RNA product) (Wassarman & Saecker, 2006, Gildehaus et al., 

2007). Synthesis of pRNA leads to the release of 6S RNA from the association with RNAP 

(Wassarman & Saecker, 2006). It is suggested that pRNA synthesis occurs during the outgrowth 

from stationary phase and serves as a liberation of RNAP from 6S RNA in response to nutrient 

availability (Wassarman & Saecker, 2006).  
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Figure 13. A) Schematic of secondary structure of E. coli 6S RNA. The sequence in 6S RNA complementary to 

the longest pRNA is boxed.  B) Promoter DNA in open conformation. Adapted from (Wassarman & Saecker, 

2006). 

1.4.5 Sigma factors in Streptomyces 

Sigma factors are a part of the metabolic pathways connected with primary and secondary 

metabolism; they participate in signal transduction systems and other complex regulatory 

mechanisms in the cells. Only a minor part of the 65 sigma factors in Streptomyces has been 

studied. These studies are based on the studying of deletion mutant of given sigma factors and 

only several systematic studies with identification of sigma regulons have been carried out.  

Group 1 sigma factors contain HrdB sigma factor, whereas group 2 sigma factors are composed 

of HrdA, HrdC and HrdD sigma factors. Group 3 sigma factors are called sigB-like sigma 

factors, consisting of 10 sigma factors - SigB, SigF, SigG, SigH, SigI, SigK, SigL,SigM, SigN, 

WhiG. Finally, group 4 ECF sigma factors is comprised of 51 sigma factors. So far, only about 

20 sigma factors have been characterized in Streptomyces coelicolor. We focused our interest 

on those sigma factors that are indispensable (HrdB) or were shown to be highly expressed 

during germination and early vegetative growth.   



 

 

33 

 

1.4.5.1 HrdB  

HrdB is a principal and essential sigma factor in Streptomyces responsible for the transcription 

of housekeeping genes whose deletion is lethal (Buttner et al., 1990, Shiina et al., 1991). It is 

the functional homolog of ů70 in E. coli (Tanaka et al., 1988, Buttner, 1989). HrdB homologs 

are present in all Streptomyces species (Takahashi et al., 1988).  

In Streptomyces spp., the principal sigma factor HrdB is involved not only in the transcription 

of housekeeping genes but also in morphological differentiation and secondary metabolism 

(Fujii et al., 1996, Sun et al., 2017). HrdB in S. coelicolor affects secondary metabolism in two 

ways. First, it regulates the transcription of pathway-specific regulatory genes actII-ORF4 and 

redD that control biosynthesis of antibiotics actinorhodin and undecylprodigiosin. Second, 

HrdB participates in the synthesis of precursors and energy through the regulation of primary 

metabolism genes and thereby connects the primary metabolism with secondary metabolism 

(Fujii et al., 1996, Sun et al., 2017). Similarly, HrdB in S. avermitilis regulates the transcription 

of the pathway specific regulatory gene aveR to trigger the biosynthesis of avermectin (Zhuo et 

al., 2010). The connection of HrdB with secondary metabolism was also confirmed 

experimentally. It was reported that the mutation in the 1.2 conserved region of HrdB resulted 

in antibiotic deficiency due to the reduced transcription of pathway-specific regulators actII-

ORF4 and redD (Aigle et al., 2000). The presence of hrdB on a multicopy plasmid leads to the 

precocious overproduction of undecylprodigiosin (Aigle et al., 2000) 

Due to the connection of primary and secondary metabolism provided by HrdB, genetic 

manipulation of the HrdB has been used for enhancing antibiotic production. Genetic 

engineering was conducted by two different methods. In the first method, the site-mutated hrdB 

gene was introduced into the avermectin-high producing strain S. avermitilis 3-115, where it 

caused by 50 % higher levels of avermectin B1 production (Zhuo et al., 2010). The second 
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method is based on the replacement of the native promoter of antibiotic biosynthetic genes or 

pathway-specific regulatory genes by the hrdB promoter to increase the levels of antibiotic 

biosynthesis, as the strength of the hrdB promoter is greater than other used Streptomyces 

promoters. The example is a significant increase of nikkomycin production by the replacement 

of the promoter of pathway-specific regulator sanG by hrdB promoter in S. ansochromogenes 

TH322 (Du et al., 2013, Sun et al., 2017).   

HrdB has several known promoter binding sites that it binds. They were identified mostly by 

in vitro transcription or by S1 nuclease mapping. These genes are listed in Table 2. The 

proposed consensus sequence for HrdB is TTGACN-16 to 18 bp-TAGA(Pu)T (Strohl, 1992). 

The 2.4 and 4.2 regions (responsible for promoter recognition) of other Streptomyces sigma 

factors HrdA, HrdC and HrdD are identical or highly similar in amino acid sequence to HrdB, 

thus suggesting that they recognize similar promoter sequences (Buttner, 1989, Lonetto et al., 

1992). While HrdB is an essential sigma factor, the other three sigma factors HrdA, HrdC and 

HrdD are dispensable for the growth and their biological function is still unknown (Buttner et 

al., 1990).  

 

Table 2. Known HrdB dependent promoters 

SCO 

number 

Gene 

name 
Protein name Discovered by 

SCO0561 furA Fe regulatory protein (Hahn et al., 2000) 

SCO0598 sigB sigma factor SigB (Cho et al., 2001) 

SCO1321 tuf3 elongation factor TU-3 (van Wezel et al., 1995) 

SCO1429 chiD chitinase D (Delic et al., 1992, Saito et al., 2000) 

SCO2026 gltB glutamate synthase (Brown et al., 1992) 

SCO2082 ftsZ cell division protein (Flardh et al., 2000) 

SCO3471 dagA extracellular agarase (Brown et al., 1992, Kang et al., 1997) 
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SCO5003 chiA chitinase A (Saito et al., 2000) 

SCO5376 chiC chitinase C (Delic et al., 1992, Saito et al., 2000) 

SCO5673 chiB chitinase B (Saito et al., 2000) 

SCO7263 chiF chitinase F (Saito et al., 2000) 

SCOr09 rrnD rRNA operon D 
(Baylis & Bibb, 1988, Kang et al., 

1997) 

SCOr13 rrnA rRNA operon A (van Wezel et al., 1994) 

SCO5877 redD 
transcriptional 

regulator 
(Fujii et al., 1996) 

SCO5085 
actII-

ORF4 

actinorhodin cluster 

activator protein 
(Fujii et al., 1996)  

 

HrdB itself possesses two promoters. The first one, p1 is indeed the primary promoter in the 

absence of stress and the second one, p2 is about 50 nts downstream of the p1 and is connected 

with stress (Buttner et al., 1990). P2 was found to be SigR-dependent (Buttner et al., 1990, Kim 

et al., 2012).  Diamide stress caused the decrease of the p1 transcripts and increase of the p2 

SigR dependent-transcripts, thus suggesting that SigR is responsible for the maintaining the 

level and activity of HrdB under thiol-oxidative stress conditions (Kim et al., 2012). 

1.4.5.2 SigB 

SigB sigma factor has been extensively studied among Streptomyces. It regulates 

morphological differentiation and secondary metabolism throughout the regulation of related 

genes such as dpsA, whiB, redH and redZ. DpsA gene is required for spore maturation, whiB is 

responsible for aerial hyphae formation, redH coding for phosphoenolpyruvate-utilizing 

enzyme, and redZ encodes a pathway-specific regulator for actinorhodin (RED)(Lee et al., 

2005, Facey et al., 2009, Facey et al., 2011). SigB controls the concentration of ppGpp 

synthesis, an important signalling molecule, influencing the regulation of genes needed for 

aerial hyphae formation. SigB also controls pathway-specific regulators (cdaR, actII-ORF) 
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(Hesketh et al., 2007) by regulating relA protein, coding for ppGpp synthetase (Lee et al., 

2004). In addition, SigB governs the osmotic and oxidative stress response. It regulates the 

genes responsible for osmoadaptation, such as osaB (Figure 14) (Fernandez Martinez et al., 

2009), and activates gene expression of other two sigma factors, SigL and SigM (which play a 

role in sporulation) in a hierarchical order, and as well as itself during osmotic stress (Lee et 

al., 2005). Salt induced SigB-dependent sigma factors were SigH, SigI, SigJ, HrdA, HrdB, 

HrdC, HrdD, SigE, SigR, SigT, SCO3613, SCO4409, SCO4866, SCO7104 (Lee et al., 2005). 

The activation of gene expression of multiple sigma factors in response to stress supports the 

hypothesis about the existence of much more complex regulatory network (Karoonuthaisiri et 

al., 2005). SigB further regulates oxidative stress response genes inducing the biosynthesis of 

mycothiol (major thiol buffer in actinomycetes), thioredoxin, cysteine and catalase (Cho et al., 

2001, Lee et al., 2005). Finally, SigB regulates also the synthesis of cold shock proteins 

suggesting that it participates in cold shock response (Lee et al., 2005).  
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Figure 14. Under normal conditions SigB is sequestered by the anti-sigma factor RsbA. After the osmotic stress 

anti-anti-sigma factor RsbV is dephosphorylated and bound to anti-sigma factor RsbA leading to release of SigB 

resulting in activation of transcription of stress related genes including osaB. Physiological recovery of from 

osmotic stress results in activation of kinase domain of OsaC that than phosphorylates a predicted OsaC antagonist, 

releasing bound OsaC that can than associate with SigB, preventing continued expression of the sigB regulon 

(RsbA ï anti-sigma factor, RsbV ï anti-anti-sigma factor). Adapted from (Fernandez Martinez et al., 2009). 

 

1.4.5.3 SigH 

SigH belongs to the SigB-like sigma factors and regulates osmotic stress response and 

morphological differentiation, in which influences septation of aerial hyphae (Kormanec et al., 

2000, Kelemen et al., 2001, Sevcikova et al., 2001, Viollier et al., 2003).  

SigH is regulated by its anti-sigma factor PrsH/UshX and anti-anti-sigma factor BldG by 

partner switching-like mechanism (Sevcikova et al., 2001, Sevcikova & Kormanec, 2002, 

Viollier  et al., 2003, Viollier et al., 2003, Sevcikova et al., 2010). In unstressed conditions, 

SigH is sequestered by the anti-sigma factor UshX. After osmotic stress, BldG is activated by 


























































































































































































































