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I. 

Abstract 

 

The Wbl (WhiB-like) family of proteins is phyletically confined to the Actinobacteria where they 

primarily act as transcription factors. WblE is an ancient protein and its homologue WhiB1 is 

essential in Mycobacterium tuberculosis, but its function is unknown and before this work it had 

not been comprehensively studied in Streptomyces species. Using CRISPR-Cas9, this work 

confirms that WblE is an essential [4Fe-4S] protein that functions as a global transcription factor: 

Distinct from its relatives, ChIP-seq shows that WblE predominantly binds promoters of ‘bld’ 

developmental genes; a characteristic that also pervaded Co-immunoprecipitation-MS (CoIP-

MS) experiments. Importantly, WblE bound to the promoter of dnaA, the chromosomal 

replication initiator throughout development, which was confirmed in vitro by SPR; the response 

regulator MtrA, which also binds to the dnaA promoter, binds to the wblE promoter in a 

sequence-specific manner. This work posits that WblE is a major transcriptional activator of 

dnaA, which drives constitutive replication events in tight coordination with metabolism and the 

onset of development via other cell-cycle and developmental regulators, in addition to nitric 

oxide. Moreover, this alone could account for the essentiality demonstrated for wblE and its 

[4Fe-4S] cluster. CoIP-MS in tandem with bacterial two hybrid analysis shows that WblE 

mediates at least part of its function via a direct interaction with region 4.2 of σHrdB, akin to other 

WhiB-like proteins. However, a range of proteins with roles beyond transcription were 

consistently enriched and allude to a much broader functionality for the protein; this approach 

revealed at least one novel partner for WblE in S. venezuelae strain NRRL B-65442, that is 

conserved in the genus. These functions are discussed in the context of •NO signalling, WhiB-

like cluster biochemistry and how this may link developmental signalling pathways that define 

Streptomyces spp. differentiation and the decision to initiate secondary metabolism. 

 

 

 

 

 

 

 

 

 

 

 

(1) Recent publications have proposed the replacement of the current phyletic nomenclature ‘Actinobacteria’ with 

‘Actinomycetota’ (Goodfellow, 2021). However, The Greek origin of ‘myces’ (from ‘mýkes’) distinctly refers to a 

branching growth pattern and does not befit a taxonomic title for this diverse bacterial phylum; moreover, this further 

obfuscates the distinction between the Phylum-level classification, the Actinomycetia class and the Actinomycetales order; 

Actinobacteriota would be more fitting. Thus, this doctoral thesis refers to the phylum with its original nomenclature.   
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1. 

Chapter 1.  

Introduction 

 

1.1. The Actinobacteria 

The Actinobacteria represent one of the dominant phyla in the bacterial domain and its 

members are notably ubiquitous throughout terrestrial and aquatic ecosystems. The exact point 

of their emergence from other bacterial phyla is ambiguous but they are demonstrably ancient 

(at least 2.3 billion years; Battistuzzi et al., 2004). Members almost universally conserve a Gram-

positive cell wall and a higher genomic GC-content (51% to 75%), but also possess distinct 16S 

& 23S rDNA insertions which taxonomically differentiate them from other bacteria (Ventura et 

al., 2007). Many Actinobacteria demonstrate complex and highly specialised metabolic 

capabilities with a propensity to populate the microbiomes of higher eukaryotes as both the 

protagonists (such as the probiotic Bifidobacterium spp. or plant-symbiotic Frankia spp.) and 

antagonists (including the refractory human pathogens Mycobacterium tuberculosis & M. 

leprae); features that have cemented them as a focus of global research. An intriguing 

characteristic of the Actinobacteria is their innate pleomorphism, whereby distantly related taxa, 

across the phylum, exhibit complex developmental programs, uncharacteristic of most other 

bacteria. The most basic example of this being the branching, ‘Y’-like rods of Bifidobacterium 

spp. (Husain et al., 1972), whereas the most extravagant example would be the multicellular 

growth exhibited by Streptomyces spp. 

 

1.2. The Streptomyces genus 

Streptomyces are thought to have emerged around 450 million years ago to fill a nutrient 

rich niche in the soil of terrestrial and aquatic environments, metabolising the complex 

carbohydrates accumulating from dead fungal and plant cell-walls. Most species are highly 

specialised metabolisers of (amino-)glycans, such as chitin or cellulose, allowing them to tap into 

some of the most abundant but largely inaccessible carbohydrates on the planet (Chater et al., 

2010). Members of the genus conserve the Gram-positive cell wall and GC-rich (72.5%) genome 

that are typical of Actinobacteria but possess uncharacteristically large (7 – 12 Mbp) and linear 

chromosomes; a rare characteristic in the bacterial domain (Kirby, 2011). Streptomyces spp. 

are prolific producers of anti-neoplastic, and anti-microbial natural products, many of which are 

clinically applied and from which we source at least 60% of our current antibiotics; thus, 

highlighting their urgent medical importance. 

 



2. 

1.2.1. Under Lock and Key: Streptomyces spp. Secondary Metabolism 

The natural products of Streptomyces spp. and other microbes are commonly referred 

to as secondary or specialised metabolites and are encoded by groups of genes, clustered 

together on the genome, known as biosynthetic gene clusters (BGCs).  These BGCs encode the 

core biosynthetic and tailoring enzymes required to make the molecules and also often encode 

transporters, immunity proteins and cluster-situated transcriptional regulators that control the 

expression of the BGC and compound export. As opposed to the cluster-situated regulators, 

global regulators (encoded ex situ) often integrate diverse environmental and metabolic signals 

with BGC expression and can play pivotal roles in ensuring appropriate expression. Whole 

genome sequencing from the early 2000s onwards revealed that these bacteria encode many 

more specialised metabolite clusters than are expressed under standard laboratory conditions, 

leading to the hypothesis that many BGCs are silent or cryptic (Bentley et al., 2002; Hoskisson 

& Seipke, 2020). Indeed, a recent genomic survey found that only 3% of BGCs have been 

matched to molecules, suggesting there are many new molecules and biosynthetic pathways 

waiting to be discovered (Gavriilidou et al., 2022). These BGCs can be identified in whole 

genomes using tools such as antiSMASH which searches for gene clusters based on homology 

to known classes; however, truly novel BGCs are hard to find (Blin et al., 2023). A major 

challenge also lies in activating the biosynthesis of molecules encoded by cryptic BGCs and 

there is no reliable method that can be applied to every BGC. Various techniques have been 

developed including cloning and heterologous expression, refactoring BGC elements (deleting 

repressors or overexpressing activators), manipulating global regulators and metabolism, 

adding chemical elicitors, or disrupting BGCs of known molecules to prevent rediscovery and, 

in some cases, activate the production of different antimicrobials (Olano et al., 2008; Sharma et 

al., 2021).  

 

1.2.2. An Emerging Model Organism: Streptomyces venezuelae 

The majority of our knowledge of Streptomyces biology originates from work on the 

model organisms Streptomyces coelicolor A3(2) and Streptomyces griseus NBRC 13350. 

However, in the last decade, S. venezuelae, has become favoured among laboratories studying 

Streptomyces development worldwide; the first isolate of Streptomyces venezuelae, originally 

named Burkholder no. A65, was collected from a mulched field near Caracas, Venezuela (Ehrlich 

et al., 1947). The strain was proposed to typify a new species, named Streptomyces venezuelae 

in relation to the location from which it was originally collected. Strain no. A65 was ultimately 

deposited in the American Type Culture Collection as the type-strain for this species (ATCC 

10712; Ehrlich et al., 1948); it presents a morphologically ‘typical’ streptomycete with 

characteristic melanin production, which sporulates rapidly on solid media (3 days) with distinct, 
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loosely coiled aerial hyphae, in contrast to the tight coils of S. coelicolor. Although not a unique 

characteristic, S. venezuelae is also able to undergo a complete lifecycle in liquid culture, all 

within just 24 hours of growth (Glazebrook et al., 1990). Its genetic and metabolic flexibility make 

it tractable to a range of high throughput and microfluidic experimental methods that have 

proven invaluable in developmental studies (McCormick & Flärdh, 2012; Chater, 2016; 

Schlimpert et al., 2016; Schlimpert et al., 2017; Bush et al., 2022). 

The work in this thesis uses the Streptomyces venezuelae strain NRRL B-65442 (John Innes 

Centre; Norwich, UK). Until recently, the ancestry of the NRRL B-65442 strain was not entirely 

certain but recent evidence has cemented NRRL B-65442 as a direct and close descendant of 

the ATCC 10712 (Caracas) strain, with 99.999% sequence identity across their 8.2 Mbp 

genomes and recently identified 158 Kbp plasmid (Gomez-Escribano et al., 2021). Interestingly, 

however, a point mutation in the FAD-dependant oxygenase involved in synthesis of the spore 

pigment (vnz_33525; whiE-orfVIII), grants this strain a charming, jade-green appearance, in 

contrast to its tan-grey pigmented ancestor ATCC 10712 (Gomez-Escribano et al., 2021). 

Orthologous whiE loci in different species are known to produce similar effects on the spore-

pigment (Kelemen et al., 1998; Yu & Hopwood, 1995, Blanco et al., 1993). Remarkably, severely 

colour-blind members of the lab cannot easily distinguish the two S. venezuelae pigments, 

suggesting an innocent route of selection for the green pigment, in vitro (Personal 

Communications: Dr Neil Holmes, Dr Jake Newitt).  

Streptomyces venezuelae was the first described species to manufacture the antimicrobial 

compound chloramphenicol (Ehrlich et al., 1947; Ehrlich et al., 1948; Smadel, 1949), which is 

now a staple of topical antimicrobial therapies and commonly used in eye drops to treat 

conjunctivitis (Sorsby et al., 1953). Nevertheless, the species boasts an additional 32 secondary 

metabolite BGCs, the majority of which remain cryptic and represent untapped metabolic 

potential; these are summarised in Table 1.1. 
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Table 1.1. The 33 anticipated S. venezuelae natural product BGCs identified after manual curation of an 

AntiSMASH v7.0 analysis of the NRRL B-65442 chromosome sequence, with strong reference to the similar table 

by Gomez-Escribano et al., (2021). The previously identified NRRL B-65442 BGCs, and their characterised 

products are highlighted in green; while not derived from NRRL B-65442, the products of BGC 6 ((+)-isodauc-8-

en-11-ol – Rabe et al., 2015) and BGC 29 (Foroxymithine – Kodani et al., 2015) were determined from experiments 

with the ATCC 10712 strain and are highlighted in yellow. 

BGC BGC Type start end BGC Product 

1 Ectoine 237,110 247,526 Ectoine 

2 Terpene 273,798 294,749 Geosmin 

3 Type 1 & Type 3 PKS 519,875 549,437 Venemycin* 

4 NRPS-like 554,017 582,919 Watasemycin* 

5 Ripp (lanthipeptide) 613,767 629,532 - 

6 Terpene 633,034 634,179 (+)-isodauc-8-en-11-ol 

7 Ripp (lanthipeptide) 716,117 728,969 Venezuelin* 

8 Indole 871,837 882,258 Arcyriaflavin* 

9 NRPS-like 1,038,563 1,060,601 Chloramphenicol* 

10 
tRNA-dependent 

cyclodipeptide synthase 
2,070,178 2,090,903 - 

11 Siderophore 2,798,699 2,809,633 Desferrioxamine B 

12 Ripp (lasso peptide) 3,410,820 3,433,179 Albusnodin 

13 NRPS-like 4,408,114 4,450,353 - 

14 Other 4,520,077 4,530,222 Gaburedins* 

15 Melanin 5,001,915 5,010,131 - 

16 Other 5,475,407 5,516,513 - 

17 Ripp (thiopeptide) 5,525,842 5,558,923 - 

18 Type 3 PKS 5,784,219 5,822,500 Flaviolin 

19 Siderophore 5,872,827 5,885,289 - 

20 Siderophore 5,938,343 5,952,704 - 

21 Type 2 PKS 6,473,487 6,545,282 Jadomycin* 

22 NRPS-like 6,673,724 6,714,283 - 

23 NRPS-PKS 6,719,994 6,853,949 - 

24 Terpene 7,020,609 7,045,713 Hopene 

25 Ripp (Lanthipeptide) 7,061,572 7,084,199 SapB 

26 Ripp (Bacteriocin) 7,127,295 7,138,149 Linocin M18 

27 Type 2 PKS 7,403,744 7,476,256 Spore pigment 

28 Melanin 7,482,101 7,492,490 Melanin 

29 NRP Siderophore 7,704,299 7,757,163 Foroxymithine 

30 Terpene 7,785,725 7,805,848 2-methylisoborneol 

31 Type 3 PKS 7,943,145 7,984,236 Alkylresorcinol 

32 Terpene 8,196,208 8,197,119 - 

33 NRPS 8,208,224 8,212,381 - 
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1.3. Streptomyces Development 

Streptomyces spp. are a marvel of prokaryotic development. Akin to fungi, and once 

mistaken as such, Streptomyces bacteria germinate from spores and grow as a saprophytic, 

vegetative mycelium which differentiates upon nutrient depletion or competition, ultimately 

undergoing a complex process of programmed cell death (PCD) and multicellular differentiation 

into chains of resilient spores (Figure 1.1). The organism presents a stark example of convergent 

evolution across domains, and teases with the possibility of novel biology, and new perspectives 

on traits originally considered purely eukaryotic. The factors responsible for controlling 

Streptomyces development form a complex cascade; the roles for developmentally important 

genes and their products are described in the following sections of this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. The key transitions in the developmental cycle of Streptomyces 

spp.  (1) Germination; (2) exponential mycelial growth via tip extension 

preceding rounds of programmed cell death; (3) Aerial growth and placement 

of reproductive septa; (4) cell division and spore maturation. Red illustrations 

highlight certain key developmental transitions during these steps.  
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1.3.1. Germination 

Streptomyces spores are small, hydrophobic and robust, withstanding heat, drought, 

radiation, and oxidative stress. An extensive trehalose matrix immobilises and stabilises pre-

synthesised macromolecules necessary for a metabolic restart; the signals controlling this 

process only require water to initiate and are less-well understood. Nevertheless, spore 

germination comprises a succession of distinct steps: Spore-wall remodelling, swelling, and 

germ-tube emergence (Hardisson et al. 1978; Bobek et al., 2017).  

Spore-wall remodelling is typified by a darkening of the cell-wall, resulting from ion exchange 

(Ca2+, Mg2+, Mn2+, Zn2+ and Fe2+) and an influx of water, as the hydrophobic coat is lost 

(Hardisson et al., 1978; Bobek et al., 2017). Subsequent cell-wall remodelling relies, at least in 

part, upon cAMP and the cAMP-receptor protein (Crp), which directly controls expression of 

rpfA and promotes germination. The lysozyme-like RpfA belongs to a class of resuscitation-

promoting factors (Rpf) which mediate cell-wall remodelling by hydrolyzing the β-(1,4)-glycosidic 

bond between GlcNAc and MurNAc in the peptidoglycan (Telkov et al., 2006; Haiser et al., 

2009). Congruent with this, Δcya (adenylate cyclase) and Δcrp mutants maintain thick cell-walls 

and are defective in germination (Piette et al., 2005).  

As the spore-wall undergoes accelerated remodelling, a dramatic drop in trehalose 

concentration accompanies a visually discernible swelling of the spore from osmotic water 

intake. During this period, the protective role of trehalose is inherited by protein chaperones that 

help proteins reobtain and maintain their functional conformations (Bobek et al., 2004). Arrays 

of chaperones: GroEL, Trigger factor, DnaK GrpE and CnoX (aka TrxA4) assist in the reactivation 

of the proteosynthetic apparatus (Bobek et al., 2004; Strakova et al., 2013a). Chaperones are 

constitutively present throughout the course of germination, indicating a vital role for their 

functions (Strakova et al., 2013a). Once the ribosomes have regained functionality, new proteins 

are translated from the immobilised mRNA stock (Strakova et al., 2013b) and chromosomal 

replication is engaged as germ-tubes emerge, designating the end of germination (Ruban-

Osmialowska et al., 2006; Wolanski et al., 2011; Bobek et al., 2017). 

 

1.3.2. Apical Growth and the Vegetative Mycelium 

Typically, one or two germ tubes emerge from the germinating spore, and extend as a 

comprehensive, branching network across the substrate, secreting arrays of chitinolytic and 

cellulolytic enzymes, to aid nutrient acquisition, with motility derived from apical growth. In most 

morphologically primitive rod-shaped bacteria, such as Bacillus or Escherichia spp., new 

peptidoglycan is synthesised and incorporated into the lateral cell-walls. In Streptomyces spp., 

however, a multiprotein complex called the polarisome, targets cell-wall synthesis to the cell-
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poles, mediating apical tip extension - a process shared by the actinomycetes, Mycobacterium 

and Corynebacterium spp. (Hammond et al., 2019; Joyce et al. 2012; Letek et al. 2008).  

In Streptomyces spp., DivIVA (vnz_08495) is the principal component of the polarisome and it 

is essential for cell viability (Flärdh, 2003). The DivIVA protein acts as a hub for biosynthetic 

proteins which are necessary for cell-wall synthesis and development, but the protein also drives 

localisation of the unique Scy (Streptomyces cytoskeletal) protein which forms a scaffold for the 

recruitment of structural components of the cell, such as the intermediate filament-like protein, 

FilP (vnz_24950; Fuchino et al., 2013). Chromosomal replication is uniquely constitutive within 

hyphae, with segregation of daughter chromosomes coupled to tip extension by interactions 

between Scy and ParA, the chromosome-partitioning protein that organizes nucleoprotein 

complexes in conjunction with ParB bound to parS sites on the chromosome (Ditkowski et al. 

2013; Donczew et al. 2016).  

The vegetative mycelium invariably proceeds through two distinct and mutually exclusive cell-

types, which are defined by their septal patterns. The initial vegetative mycelia (MI) which 

emerge from spores exhibit regular compartmentalisation by thin, non-divisive cross-walls 

thought to permit cell-to-cell communication. Alternating compartments of the MI mycelium 

undergo an initial round of PCD with surviving MI undergoing a transition to stage 2 (MII) hyphae, 

that rarely form cross-walls but are uniquely multinucleate and primed for reproductive 

differentiation (Yagüe et al., 2013). Very little is known about what controls these stages of 

development or the transition between them, although, disruption of antioxidant defences in S. 

natalensis caused development to stall at the MI stage (Beites et al., 2015). 

The non-divisive cross-walls of the MI and MII hyphae are dependent on FtsZ; the tubulin 

homologue that typically mediates bacterial cell-division (McCormick et al., 1994; Santos-Beneit 

et al., 2014); the formation of these specialised septa is positively controlled by the 

Streptomyces-specific SsgA-like proteins (SALPs). SsgA localises at septation sites followed by 

the sequential recruitment of SsgB and FtsZ (Willemse et al., 2011) The SALPs are not the only 

novel proteins involved in the formation of septa, many others are recruited via diverse 

interactions. In particular, SepX appears to function during vegetative cross-wall formation by 

stabilising FtsZ (Bush et al., 2022; Cantlay et al., 2021).  

In contrast to all studied bacteria, the ftsZ gene is dispensable for survival in Streptomyces spp. 

and is only required for reproductive differentiation and development (see following sections). 

This redundancy is further illustrated by the fact that other canonical cell division genes, such 

as ftsI and ftsW, are expendable for vegetative growth (McCormick et al., 1994; Santos-Beneit 

et al., 2014). Instead, it has been proposed that a novel re-sealing mechanism occurring at 

branch-sites in amorphogenic ΔftsZ mutants, may partially complement the loss of ftsZ. 
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Overexpression of divIVA yields a striking hyper-branching phenotype, suggesting that the 

protein plays a determining role in branch-point selection, but the signals and mechanisms that 

precisely coordinate branching are only vaguely described (Hempel et al., 2008; Hempel et al., 

2012; Santos-Beneit et al., 2014). 

 

1.3.3. The Decision to Differentiate: The bld cascade 

In 1967, Professor David Hopwood pioneered the research into Streptomyces 

development and genetics (Hopwood, 1967) whereby Streptomyces coelicolor mutants were 

generated via UV or chemical (N-methyl-N'-nitro-N-nitrosoguanidine) mutagenesis. A mutation 

denoted S48 conferred an inability to initiate differentiation or synthesise the pigmented 

antibiotics, actinorhodin and undecylprodigiosin (Hopwood, 1967). Further studies revealed a 

heterogeneous group of development genes, termed “bald” due to the soft and smooth 

appearance of the non-sporulating mutant colonies (Merrick, 1976). It is now known that bald 

(bld) genes and their products comprise a complex network that is intimately connected to 

metabolism by a range of small molecules and that this network coordinates the decision to 

initiate reproductive differentiation and secondary metabolism in MII hyphae.  

The nucleotide second messenger cyclic (c-)di-GMP is ubiquitous amongst bacteria, where it 

coordinates diverse aspects of bacterial growth and behaviour, including motility, virulence, 

biofilm formation and cell cycle progression (Jenal et al., 2017). However, in Streptomyces spp. 

c-di-GMP is one of the major signals controlling the onset of multicellular differentiation and is 

by far the best-studied (Hull et al. 2012; Tschowri et al. 2014). The signal carried by c-di-GMP 

primarily effects morphogenesis via the master developmental repressor, BldD, which dimerises 

around a c-di-GMP tetramer, effecting repression of approximately 170 genes, with many known 

to function in or throughout reproductive growth and sporulation (Elliot et al. 2001; den Hengst 

et al. 2010; Tschowri et al. 2014; Schumacher et al., 2017). Hence, reproductive development is 

dependent on a sudden drop in the intracellular levels of c-di-GMP and collapse of the BldD-

dimer. A unique but pivotal target of BldD is bldA, encoding the tRNA necessary for translation 

of the rare ‘TTA’ leucine codon (Leskiw et al., 1991), thus translationally gating the expression 

of UUA-containing transcripts until the onset of development.  

Among the genes known to rely upon the TTA codon, bldA seems to exert the majority of its 

morphogenic influence via AdpA (aka BldH), a major global transcriptional activator of early 

developmental genes that amplifies this signal via a positive feedback loop with bldA (Higo et 

al., 2011). The null mutant phenotypes for bldA and adpA are similarly bald with impotent 

secondary metabolism, phenotypes which can be largely overcome by silently mutating the TTA 

codon in AdpA, to TTG (Takano et al., 2003). AdpA is an important activator of the developmental 
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regulator ramR (see section 1.3.4) but has also emerged as an important activator of proteases, 

including the conserved ClpXP system (essential in Streptomyces and Mycobacterium spp.), 

SgmA (extracellular M4 metallopeptidase), and the extracellular Streptomyces trypsin inhibitor 

(Sti); all of which have eminent, early developmental functions (Kato et al., 2002; Kim et al., 2008; 

Wolański et al., 2011). The oligopeptide importer BldK is believed to transduce an obscure, 

covalently modified peptide fragment (Bld261 or BldJ) potentially yielded from cleaved signal 

peptides of secreted proteins, as part of this pathway (Nodwell et al., 1996; Nodwell & Losick, 

1998). Therefore, a significant portion of AdpA function may be the initiation of this proteolytic 

cascade. Nevertheless, AdpA coordinates this process with the repression of DNA replication, 

by competing with the replication initiator DnaA for binding to oriC (Wolański et al., 2012). 

The universal and essential metabolite S-adenosylmethionine (SAM) is an important activator of 

AdpA translation (via bldA), secondary metabolism, and oligopeptide transporters, which include 

but are seemingly not limited to, BldK; indicating a significant role for SAM in this cascade, the 

details of which remain elusive (Okamoto et al., 2003; Huh et al., 2004; Park et al., 2005; Xu et 

al., 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Streptomyces spp. ‘bald’ (bld) regulatory network, as described in Section 1.3.3, leading up to 

the initiation of MII mycelium programmed cell death (PCD) and the initiation of the the sky program (see 

Section 1.3.4). BldD-(c-di-GMP) acts as a global repressor of reproductive genes during vegetative growth, 

activating the cascade upon local drops in c-di-GMP concentrations. SAM concentrations affect expression 

of certain developmental genes. Arrows indicate activation, bars indicate repression; solid lines indicate direct 

effects, dotted lines indicate indirect or poorly described effects. 
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A curious feature of mutants in this cascade is their ability to be complemented by mere 

proximity to a wild-type strain (Willey et al., 1993). Complementation via related developmental 

mutants can also occur but this phenomenon exhibits a clear hierarchy, indicating that distinct 

extracellular cues are presented during development, and these are important checkpoints for 

developmental progression (Figure 1.3). Other proteins seemingly contribute to this cascade 

and are still necessary for early development, but the reason for their position in the cascade 

hierarchy is less-well defined, particularly as their functions are less-well understood and may 

involve indirect effects. This includes the BldG protein, an anti-sigma factor antagonist (ASA) 

similar to RsbV and SpoIIAA of Bacillus subtilis that dephosphorylate RsbW-like (SpoIIE) anti-

sigma factors in order to activate alternative sigma factors. Phosphorylation-deficient BldG (Ser 

57 to Ala) exhibits a similar phenotype to the null ΔbldG mutant, demonstrating the key role of 

phosphorylation in BldG function, at least in S. coelicolor (Bignell et al., 2000; Bignell et al., 2003). 

Uniquely, BldG seems to participate in a complex phosphorylation network that includes multiple 

RsbW/SpoIIE-like anti-sigma factor, pleiotropically influencing multiple σ-factors (Parashar et al., 

2009; Takano et al., 2011; Sevcikova et al., 2020). 

The atypical and orphan response regulator BldM is a signature Streptomyces protein (Chandra 

& Chater, 2014). In S. coelicolor BldM could not be phosphorylated in vitro, and a bldM allele 

with a D54A substitution in its conserved phosphorylation pocket restores sporulation to a ΔbldM 

mutant, highlighting the dispensable nature of phosphorylation for this response regulator (Molle 

& Buttner, 2000). However, this raises the question as to why BldM conserves 100% amino acid 

identity across all sequenced Streptomyces orthologues. During early development, BldM 

functions as an activator of at least 17 genes including the developmental regulators ssgR and 

whiB which control septation, as well as genes involved in the stringent response. BldM forms 

homodimers (BldM-BldM), and this is reflected in palindromic binding sites in the promoters of 

some target genes (Al-Bassam et al., 2014). However, these genes do not necessarily explain 

the ΔbldM phenotype or why a S. venezuelae ΔbldM mutant, constitutively produces the cryptic 

antibiotic venemycin (Thanapipatsiri et al., 2016; Al-Bassam et al., 2014).  

Ultimately, these signals are believed to initiate a second major round of PCD that occurs 

throughout a significant population of the submerged (or overgrown on solid medium) MII 

mycelium, and which directly precedes aerial growth (Manteca et al., 2005 & 2008; Yagüe et al., 

2012). The uptake of N-acetylglucosamine that is believed to originate from digested cell-walls, 

is an essential signal for development and antibiotic synthesis, which is transmitted in part by 

the global metabolic regulator, DasR (Rigali et al., 2006 & 2008). The similarly pivotal nature of 

GlcNAc (and presumably S-adenosylmethionine) metabolism in promoting development and 

secondary metabolism, raises the question of how these signals are precisely coordinated with 

the fall in c-di-GMP.   
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1.3.4. The Transition from MII to Aerial Hyphae: The sky pathway 

The ‘sky’ pathway was a term coined by Claessen et al. (2006) to describe the regulatory 

cascade governing the hydrophobic escape of MII aerial progenitors away from the vegetative 

mycelium; it has been extended here to include the subsequent differentiative cell division that 

yields a basal septum and the juvenile aerial hypha which eventually form the sub-apical stem 

compartment; a non-sporogenic, stalk-like structure enclosed between septa (Figure 1.4 - Kwak 

et al., 2001; Dalton et al., 2007; Fowler-Goldsworthy et al., 2011). 

The hydrophobic escape of aerial progenitors is mediated by an array of secreted morphogenic 

surfactant proteins. Notably, ramR encodes the operonic regulator for ramBASC which 

resembles a lanthibiotic BGC and export system that are dependent on the elements of the 

extracellular proteolytic cascade. The product of ramS is post-translationally modified by RamC 

to form a cyclic peptide (SapB) that forms a hydrophobic film across progenitor cells. This 

peptide seemingly permits aerial growth but not differentiation in mutants of the extracellular 

cascade, demonstrating a premier role in the sky pathway (Willey et al., 1993; Tillotson et al., 

1998; Claessen et al., 2006). On the other hand, the Chaplins (Chp) and Rodlins (Rdl) which 

cooperatively assemble as a hydrophobic sheath on aerial hyphae, are controlled by the extra 

cytoplasmic function σ(BldN) and its cognate anti-sigma factor (RsbN), themselves transcriptionally 

dependent on the activity of BldG and AdpA (Bibb et al., 2000 & 2012). It has been speculated 

that RsbN could respond to reduced surface tension, initially induced by SapB but ultimately 

driving a positive feedback loop that reinforces chp, rdl and bldM expression (Molle & Buttner, 

2000; Schumacher et al., 2018). Nonetheless, σBldN is translated as a pro-peptide that must also 

be proteolytically processed to permit its activity (Bibb & Buttner, 2003; Schumacher et al., 

2018). The alternative σN factor is activated, in turn, through an unclear mechanism that depends 

on the Chaplins; the transcription factor promotes expression of the hydrophobic cell-wall 

protein NepA, which promotes cell-wall integrity until the next germination event and enables 

the coordinated emergence of MII aerial progenitors (Dalton et al., 2007; De Jong et al., 2009).  

    1          2               3                  4                    5                 6 
 bldK   <   bldA   <   adpA   <   bldG    <    bldD    <   ram   

   =                                                                =         

bld261                                                       bldM 

 

Figure 1.3. Extracellular complementation hierarchy. Where mutants in higher 

positions (higher numbers) can complement all of the lower mutants e.g., the bld261 

and bldK mutant is blocked at the beginning of the cascade and transduce none of 

the necessary signals, while bldD mutants produce these signals but do not couple 

this with the induction of aerial mycelium formation via activation of morphogenic 

surfactant ram operon (see section 1.3.4). 
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Finally, a complex and asymmetric division event is driven by a unique [4Fe-4S] containing 

transcription factor, WblA, in part by repressing aspects of the sky cascade whilst activating later 

stage (white) developmental genes (section 1.3.5). Deletion of wblA specifically stalls 

development at this stage of growth, and yet wblA is expressed constitutively throughout growth, 

albeit from various promoters, suggesting that undiscovered transcriptional and post-

transcriptional mechanisms could contribute to this phenotype; more details provided in section 

1.4.2 (Fowler-Goldsworthy et al., 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Transmission electron micrograph of a growing aerial hypha. Black 

arrows represent sporulation septa and the basal septum (labelled). The red 

arrow marks the position of the subapical stem which forms between the basal 

septum and the initial sporulation septum (Dalton et al., 2007). Figure adapted 

from that presented by Kwak et al. (2001). 
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1.3.5. Controlling Sporulation: The ‘whi’ cascade 

Apical growth of the new aerial hyphae is thought to predominantly utilise the same 

machinery present in the polarisome of their vegetative counterparts, but yield coiled hyphae 

that do not branch, indicative of regulatory and/or structural variations between these stages of 

growth. These aerial hyphae experience a coordinated cessation of growth and undergo a 

synchronous cell-division event concomitant with chromosomal segregation and  condensation, 

resulting in abundant chains of unigenomic spores, coordinated by the FtsZ-dependent 

divisome. Synthesis of the thickened spore envelope is coordinated by a multiprotein complex 

known as the spore wall synthesizing complex (SSC) that includes the cytoskeletal Mre(BCDE) 

actin homologues (Vollmer 2019).  

Genes whose mutants are defective in aerial (or reproductive) development are canonically 

referred to as ‘white’ (whi) genes, reflecting the presence of aerial hyphae but lack of the 

polyketide spore pigment that is characteristic of the final stages of reproductive development 

and sporogenesis (Figure 1.5). The eight membered whiE(orfI-orfVIII) locus encodes the spore 

pigment biosynthetic machinery but does not have an eminent developmental function. In 

contrast, the whi genes (whiA, B, G, H, I) all encode known or predicted (whiD), DNA-binding 

transcriptional regulators, whose developmental functions are described here (Flärdh & Buttner, 

2009); expression of the whiE locus was greatly reduced or overall abolished in their respective 

mutants indicating a failure to reach maturation (Kelemen et al., 1998). Each of these has 

evidence for transcriptional activation by WblA, thus coordinating their activities with the end of 

the sky program, at least in S. chattanoogensis L10 and the deep-sea S. somaliensis SCSIO 

ZH66 (Yu et al., 2014; Huang et al., 2016).  

The sigma factor WhiG belongs to the flagellar clade of sigma factors that are distinct from the 

other sigma factors described, the prototypical example being σFliA of enteric bacteria (Chater et 

al., 1989). Streptomyces WhiG appears to function as a dedicated activator of the developmental 

regulator genes whiH and whiI, through which WhiG peripherally affects the expression of more 

than 100 late-stage developmental genes (Gallagher et al., 2020). Consistent with a positive role 

for WhiG in sporulation, overexpression results in hyper-sporulating phenotypes (Gallagher et 

al., 2020). In S. coelicolor, whiG was shown to be constitutively expressed throughout the life 

cycle (Kelemen et al., 1996) where WhiG activity is controlled by a cognate anti-sigma factor, 

designated RsiG (Gallagher et al., 2020). The crystal structure of WhiG-RsiG revealed a c-di-

GMP dimer that maintains the stability of the complex. Thus, WhiG is activated in response to a 

similar stimulus as BldD which, itself, represses WhiG, seemingly illustrating a staggered 

cascade dependent on a fall in c-di-GMP. (Tschowri et al., 2014; Schumacher et al., 2017; 

Gallagher et al., 2020). S. coelicolor ΔwhiG mutants exhibit straight aerial hyphae without any 

sporulation septation or spore pigment formation (Mendez & Chater, 1987). In comparison, the 
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S. venezuelae ΔwhiG mutant can (rarely) generate chains of immature spores, indicating subtle 

differences in function between species (Gallagher et al., 2020).  

A primary target of σWhiG is whiI, another atypical response regulator which lacks key residues 

for phosphorylation (Aínsa et al., 1999; Tian et al., 2007). Point mutations in the abnormal 

phosphorylation pocket of WhiI only result in a lack of spore pigment formation, as opposed to 

the sporulation defects seen in null mutant strains (Tian et al., 2007). There are seemingly no 

genes significantly regulated by the independent activity of WhiI, which instead seems to 

function primarily as an auxiliary protein to adapt BldM binding specificity through 

heterodimerization (Al-Bassam et al., 2014). The BldM-WhiI complex directly binds the 

promoters of several known sporulation genes, including the whiE and smeA-sffA operons. The 

latter encodes an FtsK-like DNA pump (SffA) and it’s membrane localising partner (SmeA) which 

function in DNA-transport at division sites (Ausmees et al., 2007). WhiH, on the other hand, is a 

global transcriptional regulator of the GntR family, which regulates its own expression (Ryding 

et al., 1998; Persson et al., 2013). WhiH was shown to indirectly activate the expression of the 

dynamin-like genes dynA and dynB, the latter of which specifies a protein which interacts with 

SepX to form part of the sporulation-specific, FtsZ-dependent, divisome (Schlimpert et al., 2017; 

Bush et al., 2022).  

The functions of WhiA and WhiB are interdependent on one another and are essential for the 

coordinated activation of ftsZ, cessation of apical growth that accompanies the assembly of Z-

rings at future division sites. The WhiA protein is widespread throughout Gram-positive bacteria 

while WhiB is the founding member of a novel family of small, WhiB-like (Wbl) proteins of [4Fe-

4S] binding regulators, which include WblA (Soliveri et al., 2000; Aínsa et al., 2000). Another Wbl 

protein WhiD, mediates the crucial final stages of spore formation and maturation, aiding the 

completion of the life cycle (Molle et al., 2000).  

The pervasive nature of the WhiB-like proteins throughout Streptomyces multicellular 

development and secondary metabolism has made their functions of utmost interest. The 

following sections provide more detailed descriptions for the WhiB-like proteins and their roles 

in regulating aspects of multicellular differentiation and secondary metabolism in Streptomyces 

spp. 
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Figure 1.5. Streptomyces ‘white’ (whi) regulatory network, as described in Section 1.3.5, 

leading up to formation of mature spore chains. BldD-(c-di-GMP) acts as a global repressor 

of reproductive genes in the whi cascade, activating the pathway upon local drops in c-di-

GMP concentrations. Arrows indicate activation, bars indicate repression; solid lines indicate 

direct effects, dotted lines indicate indirect or poorly described effects. 
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  SCO3579_wblA        ------------------------------------MGWVTDWSAQAACRTTDPDELFV----QG----AAQNRAKAVCTGCPVRTECLADALDNRVEFGVWGGMTERERRALLRRRPTVTSWRRLLET 85 

  vnz_16495_wblA      ------------------------------------MGWVADWSAQAACRTTDPDELFV----QG----AAQNRAKAVCTGCPVRTECLADALDNRVEFGVWGGMTERERRALLRRRPTVTSWRRLLET 85 

  Rv3681c_whiB4       -----VSGTRPAARR-------TNLTAAQNVVRSVDAEERIAWVSKALCRTTDPDELFV----RG----AAQRKAAVICRHCPVMQECAADALDNKVEFGVWGGMTERQRRALLKQHPEVVSWSDYLEK 109 

  NCgl0275_whcA       -----MTSVIPEQRN-------NPFYRDSATIASSDHTERGEWVTQAKCRNGDPDALFV----RG----AAQRRAAAICRHCPVAMQCCADALDNKVEFGVWGGLTERQRRALLRKKPHITNWAEYLAQ 109 

  

  SCO3034_whiB        ----------------------MTELVQQLLV--DDADEELGWQERALCAQTDPESFFPEKG-------GSTREAKKVCLACEVRSECLEYALANDERFGIWGGLSERERRRLKKAAV----------- 88 

  vnz_13645_whiB      ----------------------MTELFQELLV--EDADEELGWQERALCAQTDPESFFPEKG-------GSTREAKKVCLACEVRSECLEYALQNDERFGIWGGLSERERRRLKKAAV----------- 88 

  Rv3260c_whiB2       ----------------------LVPEAPAPFEEPLPPEATDQWQDRALCAQTDPEAFFPEKG-------GSTREAKKICMGCEVRHECLEYALAHDERFGIWGGLSERERRRLKRGII----------- 89 

  NCgl0711_whcD       --MEDSAGDVSAKLK-----AGQTRTALEMTLDDLFGAVEQEWQEQALCAQTDPEAFFPEKG-------GSTREAKRICQGCPVRDECLEFALEHDERFGIWGGLSERERRRLKREIS----------- 104 

  Mycophage_whiBTM4   ------------------------------------MHMHMGGDPSAICAQTDPELWFPDKG-------QSTRDAKRMCMRCPLLDECRALALRDPHLVGVWGGLSAQERRRIRKGASA---------- 76 

 

  SCO5190_wblC        VQLEAHAPSVPPSDTIPKPCSTEDSTLTPLTALTALDDAIENLGVPVPCRSYDPEVFFAESP-------ADVEYAKSLCRTCPLIEACLAGAKERREPWGVWGGELFVQGVVVARKRPRGRPRKNPVSA 122 

  vnz_23935_wblC      VQLEAHAPSVPPSESIPLPGLTEDPALTPLTALTALDDAIENLGVPVPCRAYDPEVFFAESP-------ADVEYAKSLCQTCPLVAACLAGAKERREPWGVWGGELFVQGVVVARKRPRGRPRKNPVAA 122 

  Rv3197A_whiB7       -----------------------------VSVLTVPRQTPRQRLPVLPCHVGDPDLWFADTP-------AGLEVAKTLCVSCPIRRQCLAAALQRAEPWGVWGGEIFDQGSIVSHKRPRGRPRKDAVA- 92 

 

  SCO4767_whiD        --------------------------MADFSRLPGPNADLWDWQLLAACRGVDSSLFFHPEGERGAARSARENSAKEVCMRCPVRAECAAHALAVREPYGVWGGLTEDEREELMGRARNRLVAATASAS 103 

  vnz_22000_whiD      --------------------------MADFSRLPGPNADLWDWQLLAACRGVDSSLFFHPEGERGAARSARENSAKEVCMRCPVRAECAAHALAVREPYGVWGGLTEDEREELMGRARNRLIAAAPATS 99 

  Rv3416_whiB3        --------------------------MPQPEQLPGPNADIWNWQLQGLCRGMDSSMFFHPDGERGRARTQREQRAKEMCRRCPVIEACRSHALEVGEPYGVWGGLSESERDLLLKGTMGRTRGIRRTA- 98 

  NCgl0574_whcB       --------------------------MTLPHQLPGPNADFWDWQLHGTCRGETSDVFYHPDGERGRARQRRELRAKAICAACPVLESCRKHALAVAEPYGVWGGLSESERLVILRNNERKQPVAV---- 95 

 

  SCO5240_wblE        ----------------------------------------MDWRHRAVCREEDPELFF-PIGNTGPALLQ-IEEAKAVCRRCPVMEQCLQWALESGQDSGVWGGLSEDERRAMKRRAARNRARQA-SA- 85 

  vnz_24255_wblE      ----------------------------------------MDWRHNAVCREEDPELFF-PIGNTGPALLQ-IEEAKAVCRRCPVMEQCLQWALESGQDSGVWGGLSEDERRAMKRRAARNRARNA-SA- 85 

  Rv3219_whiB1        ----------------------------------------MDWRHKAVCRDEDPELFF-PVGNSGPALAQ-IADAKLVCNRCPVTTECLSWALNTGQDSGVWGGMSEDERRALKRRNARTKARTG-V-- 84 

  NCgl0734_whcE       ----------------------------------------MDWRHEAICREEDPELFF-PVGNSGPALAQ-IASAKMVCNRCPVTSQCLAWALETGQDAGVWGGMSEDERRALKRRKNRGRGRAR-IAV 86 

                                                                      *   :   ::                *  :*  * :   *   *       *:***    :   :        

 

  SCO3579_wblA        ARTEYERGVGIVPL--DDDEVYENYAAVG-------   112 

  vnz_16495_wblA      ARTEYERGAGLLPVAIEDDATYEAYAAVG-------   114 

  Rv3681c_whiB4       RKRRTGTA-G--------------------------   118 

  NCgl0275_WhcA       GGEIAGV-----------------------------   116 

 

  SCO3034_whiB        ------------------------------------   87 

  vnz_13645_whiB      ------------------------------------   87 

  Rv3260c_whiB2       ------------------------------------   89 

  NCgl0711_whcD       ------------------------------------   104 

  Mycophage_whiBTM4   ------------------------------------   76 

 

  SCO5190_wblC        ------------------------------------   122 

  vnz_23935_wblC      ------------------------------------   122 

  Rv3197A_whiB7       ------------------------------------   92 

 

  SCO4767_whiD        AGGE-----AAGPH----------------------   112 

  vnz_22000_whiD      SSVA-----SVASV----TSMTTSAAAAGRPIVERM   130 

  Rv3416_whiB3        ------------------------------------   102 

  NCgl0574_whcB       ------------------------------------   99 

 

  SCO5240_wblE        ------------------------------------   85 

  vnz_24255_wblE      ------------------------------------   85 

  Rv3219_whiB1        ------------------------------------   84 

  NCgl0734_whcE       ------------------------------------   86 

Figure 1.6. Multiple protein sequence alignment of the five commonly conserved WhiB-like 

regulators from the Actinomycetes, Mycobacterium tuberculosis H37Rv (Rv), 

Streptomyces coelicolor A3(2) (SCO), S. venezuelae NRRL B-65442 (vnz), and 

Corynebacterium glutamicum ATCC13032 (NCgl) homologues. Includes alignment of the 

Mycobacteriophage TM4 Wbl protein (WhiBTM4).  The four invariant cysteine residues are 

highlighted in yellow. The conserved, flexible, β-turn G(V/I)WGG is highlighted in cyan with 

the variable residue highlighted in a lighter shade. Positively charged residues that may 

contribute to the DNA-binding activity of each protein are highlighted in red. The canonical 

AT-hook motif (KRPRGRPRK) of WblC/WhiB7 is highlighted in purple. Conserved (*) and 

biochemically similar (:) residues (of particular interest) are marked underneath alignments. 
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1.4. The WhiB-like Paradigm of Transcriptional Regulators 

 Among the first eight bona fide genomic loci identified as important for Streptomyces’ 

sporulation, the whiB gene was unique, presenting a small protein of just 86 amino acids (in S. 

coelicolor and S. venezuelae) but with several features comparable to known transcription 

factors (Chater, 1972; Davis and Chater, 1992). This included a basic C-terminal alpha-helix, 

resembling a DNA-binding motif, and an amphipathic N-terminus which could potentially 

facilitate interactions with cognate partner-proteins or the core transcriptional apparatus (Davis 

and Chater, 1992). Most notably, four cysteine residues interspaced throughout the peptide 

alluded to the possibility that the gene-product may even coordinate a metal co-factor.  

With improved sequencing and bioinformatic techniques, it has become apparent that WhiB 

defines a paradigm for a protein family, phyletically confined to the Actinobacteria, but 

specifically expanded within the Actinomycetales order (Soliveri et al., 2000; Chandra & Chater, 

2014; Averina et al., 2012). Streptomyces spp. seem to carry at least seven wbl genes which are 

usually important for development and secondary metabolism, however their numbers vary 

significantly between species and many have undefined roles (Bush, 2018). In comparison, 

Mycobacterium tuberculosis is highly dependent on seven wbl genes (whiB1-7) for successful 

development, disseminative colonisation of the host, and virulence (Smith et al., 2010; Saini et 

al., 2012; Chawla et al., 2012 & 2018). Corynebacterium spp. conserve just four, and 

Bifidobacterium spp. just two, which seem to function more generally in response to heat and 

oxidative stress (Kim et al., 2005; Averina et al., 2012; Bush, 2018).  

Nevertheless, five archetypal WhiB-like proteins exist widely throughout the phylum and form 

sub-families which capture the majority of WhiB-like diversity. In Streptomyces spp. these 

paralogous genes are denoted: WblA, WhiB, WblC, WhiD and WblE (Bush, 2018; Soliveri et al., 

2000). Significant variation in peptide length (around 80 – 150 aa) and amino acid composition 

exists between each archetypal member, indicative of distinct cellular functions (Figure 1.6). 

However, each member maintains a predominantly alpha-helical structure which centres around 

a flexible -turn (G(V/I)WGG) and a perfectly conserved ‘Cys-Xn-Cys-X2-Cys-X5-Cys’ (4Cys) 

motif, which ligates a [4Fe-4S] cluster (Crack et al., 2009). The role of the -turn, however, 

remains enigmatic (Bush, 2018). 

It has become well-established that multiple members of the Wbl family function as global 

regulators of gene expression via DNA-binding activity, which is commonly attributed to a [4Fe-

4S] cluster-dependent interaction with the major Sigma factor, σHrdB (or σA in Mycobacterium 

spp.) which appears to constitute a common mechanism of action within the family (Lee et al., 

2021; Lilic et al., 2021; Lilic et al., 2023; Khudair et al., 2017; Wan et al., 2020; Crack et al., 2009; 

Bush et al., 2016). To date, no comparable interaction has been demonstrated for any alternative 
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or ECF Sigma factor (Alhadlaq et al., 2021 & personal communications). Nevertheless, several 

non-sigma factor partner proteins have been identified for specific Wbl proteins but their 

evolutionary and physiological significance remains poorly explored, with the exception of WhiA 

(Aínsa et al., 2000; Lilic et al., 2023). Additional functions have been proposed such as disulphide 

reductase and chaperone activity, but these remain controversial or uncorroborated within the 

broader literature (Alam et al., 2007; Garg et al., 2007 & 2009; Alam & Agrawal, 2008; Crack et 

al., 2009; Konar et al., 2012; Park et al., 2016). 

 

1.4.1. WhiB-like Redox Biochemistry: A Family of Redox Gas Sensors 

The WhiD protein of S. coelicolor provided the first evidence that Wbl proteins bind a 

[4Fe-4S] cluster (Jakimowicz et al., 2005). Importantly, subsequent work showed that the WhiB-

like iron-sulphur clusters are dramatically more sensitive (x 104) to •NO than O2
(-) and are 

comparatively insensitive to the oxidants hydrogen peroxide or diamide. Up to 8[•NO] (on 

average) can rapidly bind a Wbl iron-sulphur cluster before it reacts, forming a dinitrosyl iron 

complex (Crack et al., 2009 & 2010; Stewart et al., 2020). On the other hand, O2-based 

degradation appears to be more gradual (Singh et al., 2007). Transcriptional analyses in M. 

tuberculosis also identified •NO and redox-stress as common inducers of WhiB1-7 transcription, 

indicating a role as redox-sensing regulators of the cell (Geiman et al., 2006; Larsson et al., 

2012).  

More recently, it has been demonstrated that both M. tuberculosis WhiB1 (Wan et al., 2019) and 

S. venezuelae WhiD (Stewart et al., 2020) are protected from oxygen-based cluster degradation 

in vitro, by interaction with a conserved histidine-proline motif in region 4 of the primary sigma 

factor (Figure 1.7), alluding to their potential roles as specific •NO-sensors of the cell.  Moreover, 

there is growing evidence that the cluster-status (apo or holo) and the apo-cysteine oxidation 

states (oxidised, nitrosated or reduced) can influence DNA-binding capability and extend it 

beyond that of the principal σ-factor, at least in vitro (Singh et al., 2009; Kudhair et al., 2017).  

Intriguingly, certain Wbl proteins, including WhiB4, WhiB1, and WhiD have been shown to form 

dimeric or trimeric units under oxidative conditions. In the case of WhiB4, these complexes can 

oligomerise on DNA, eliciting topological changes in vitro, as determined by electron force 

microscopy (EFM; Chawla et al., 2018). It has been feasibly proposed, that the iron-sulphur 

cluster and perhaps the ligating cysteines, function in redox-switch mechanisms as seen in other 

[4Fe-4S] and cysteine-based sensors/regulators, but with an •NO-specific pathway (Munnoch et 

al., 2016), thus activating or repressing distinct responses under different redox conditions. 

Nonetheless, the specificity of Wbl [4Fe-4S] clusters for •NO and the propensity for apo-Wbls to 

oligomerise remains unresolved in the broader physiological context. 
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1.4.2. WblA (WhiB4; WhcA) - Streptomyces (Mycobacterium; Corynebacterium) 

Interspecies microarray analyses were the first to highlight the significance of the wblA 

gene-product as a pleiotropic down-regulator of both morphogenesis and antibiotic synthesis in 

Streptomyces species (Kang et al., 2007). Accordingly, Streptomyces mutants which 

overexpress wblA are unable to proceed beyond vegetative (bld) growth and exhibit reduced 

antibiotic production (Huang et al., 2017). On the other hand, ΔwblA mutants exhibit major 

transcriptional variations (183 genes upregulated and 103 downregulated) which accompany 

much more complex phenotypes. Scanning electron micrographs of ΔwblA mutants all similarly 

depict aerial hyphae which initiate but form long, spindle-like fibres, resembling a perpetuated 

sub-apical stem compartment (see ‘sky program’ section 1.3.4. – Yu et al., 2014; Rabyk et al., 

2011; Huang et al., 2017; Fowler-Goldsworthy et al., 2011). The wblA gene is also a direct target 

for repression by BldD (Makitrynskyy et al., 2020) and activation by AdpA (Lee et al., 2013; Yu 

et al., 2014), two of the major global regulators of differentiation, indicative of a role in 

reproductive development. 

In accordance with its developmental phenotype, major aspects of the sky-program were shown 

to be amongst the most severely dysregulated genes in ΔwblA mutants; this included the 

downregulation of the morphogenic surfactant chaplins (chpADE), and the structural protein 

NepA. Intriguingly, whiA, whiB and whiGHI genes are also among those commonly found to be 

σHrdB  

His-Pro ‘plug’ 

Figure 1.7. Cryo-EM Structure of WhiB (with WhiA, HrdB and the RNA 

polymerase hidden). Inset shows the HrdB ‘Histidine-Proline plug’ which 

forms a central interface for the HrdB-WhiB and HrdB-WhiB1 interactions 

(see section 1.4) and the other Wbl proteins. 
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under-expressed in transcriptional analyses of wblA mutants and appear (directly or indirectly) 

dependent on WblA-mediated activation (Fowler-Goldsworthy et al., 2011; Yu et al., 2014; Huang 

et al., 2016; Rabyk et al., 2011). In contrast, WblA appears to function as an important repressor 

of ramS (SapB), chpB and the protease-inhibitor sti, specifically tailoring surfactant composition 

and, presumably, activating a proteolytic pathway during differentiation. Unfortunately, no in vivo 

DNA-binding data yet exists for WblA or its homologues. Nevertheless, despite its apparent role 

at such a distinct stage of growth, WblA is constitutively expressed from three developmentally 

regulated promoters (Fowler-Goldsworthy et al., 2011). Thus, wblA is important for coupling 

aspects of the sky and whi programs, which is specifically necessary for a distinct differentiative 

step. 

Intriguingly, Streptomyces strains that possess a defective wblA gene also characteristically 

display temporal and spatial dysregulation of their secondary metabolism (Fowler-Goldsworthy 

et al., 2011; Yu et al., 2014). Most evidence suggests that WblA globally represses secondary 

metabolite BGCs, via direct and indirect mechanisms. As such, its deletion and repression has 

been regularly and successfully employed as a novel method to both improve antibiotic 

synthesis and aid novel compound discovery (Noh et al., 2010; Nah et al., 2012; Huang et al., 

2016; Wei et al., 2018). Although, in a unique case, wblA is indispensable for the activation of 

Natamycin biosynthesis in Streptomyces chattanoogenesis L10 (Yu et al., 2014). 

 

1.4.2.1. Antioxi-don’t: Conserved Antioxidant Repression by WblA 

A curious effect of wblA deletion is the global induction of molecular antioxidants, an 

effect qualifiable by increased resistance to the oxidant diamide in solid S. coelicolor ΔwblA 

cultures and bolstered survival and virulence of M. tuberculosis ΔwhiB4. Targeted real-time RT-

PCR revealed that the expression of S. coelicolor superoxide dismutases, sodF and sodF2 are 

notably enhanced in a ΔwblA genetic background (Kim et al., 2012). Deletion of whiB4 in M. 

tuberculosis similarly relieves repression of multiple antioxidant defenses, including the major 

alkylhydroperoxidase ahpC(D), which is a direct regulatory target of WhiB4 (Chawla et al., 2012). 

The same antioxidant repressing effect has been observed for C. glutamicum WhcA, implying 

that antioxidant repression is a conserved feature of orthologous function for this gene-product. 

In S. coelicolor and C. glutamicum, apo-WblA/WhcA conserves a cluster-independent 

interaction with the SpiA dioxygenase (Stress protein interacting with WblA). In C. glutamicum, 

SpiA seems to function antagonistically to WhcA’s antioxidant repression, but the result is less 

obvious in S. coelicolor (Kim et al., 2012; Kim et al., 2013). The physiological significance of 

antioxidant repression during Streptomyces development and secondary metabolism is still 

unclear. 
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1.4.3. WhiB; WhiB2; WhcD 

WhiB is the founding member of the WhiB-like family of proteins (Soliveri et al., 2000; 

Davis, 1992). The role of WhiB appears to be strictly reproductive with Streptomyces 

ΔwhiB mutants failing to cease aerial growth; instead, cells keep growing and produce long 

aerial hyphae devoid of division septa and evidence of nucleoid condensation (Flärdh et 

al., 1999; Bush et al., 2013 & 2016; Lilic et al., 2023). It is understandable, therefore, that whiB 

is a key target of the developmental repressor BldD. The gene is also subject to dedicated 

repression by BldO (also thought to bind c-di-GMP), which specifies whiB expression to aerial 

growth, something that is reflected in its phenotype and expression patterns (Kormanec et al., 

1998; Yan et al., 2019; Bush et al., 2017). Deletion of bldD, bldO, or overexpression of whiB, 

produces similar hyper-sporulating mutants which have bypassed the development of aerial 

hyphae (Bush et al., 2017; Tschowri et al., 2014). In M. smegmatis, whiB2 gene depletion induces 

filamentous growth and reduces septation, while overexpression leads to hyper-septated cells 

with stunted growth, indicative of an analogous role for its product (Gomez & Bishai, 2000; 

Raghnunand & Bishai, 2006). 

The phenotype of S.coelicolor ΔwhiB mutants was noted to be nearly identical to those of 

another developmental mutant, ΔwhiA (Aínsa et al., 2000) a consequence of the fact that WhiA 

and WhiB are interdependent transcription factors that interact to control expression of a shared 

set of target genes (Bush et al., 2013 & 2016). WhiA is a unique protein, representing an ancient 

fusion between an RNA polymerase sigma-factor and a LAGLIDADG Homing-Endonuclease 

(LHE) which has become domesticated and widespread throughout Gram-positive bacteria 

(Kaiser et al., 2009; Bush et al., 2013). Even so, the reason behind the acquisition of WhiA 

function by WhiB in Actinobacteria remains enigmatic.  

In direct contrast to WhiB, WhiA is omnipresent throughout the life cycle and is encoded by one 

of a few, core developmental genes that are not directly regulated by BldD (den Hengst et 

al., 2010; Bush et al., 2013 & 2015). As such, the developmental function of WhiAB seems to be 

specified via WhiB (Bush et al., 2013, 2015 & 2016). No WhiB-independent function has yet been 

shown for WhiA in Streptomyces spp., but the regulatory WhiAB complex regulates over 120 

genes and is a pivotal activator of ftsZ which satisfactorily explains the lack of division septa in 

whiAB mutants.  

More recently, Cryo-EM was used to model S. venezuelae RNA polymerase bound to the 

tripartite σHrdB-WhiA-WhiB regulatory complex, at the sepX promoter (Lilic et al., 2023; Figure 

1.8). WhiB makes non-specific contact with AT bases in the minor groove, adjacent to the -35 

site, somewhat comparable to the function of eukaryotic TATA-binding proteins (TBP; Starr & 

Hawley, 1991). Intriguingly, WhiB forms two distinct hydrophobic interfaces with σHrdB and WhiA 
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which mediate an otherwise unsustainable tripartite interaction and demonstrates a unique 

scaffolding function for a Wbl protein, at the RNA polymerase (Lilic et al., 2023). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. An aerial view of the Cryo-EM structure of WhiAB-σHrdB-RbpA-RpoABCZ at the modified sepX 

promoter (Lilic et al., 2023), specifically showing HrdB region 4 (yellow), WhiB (blue) and WhiA (pink) that 

are involved in the tripartite interaction. The histidine and proline residues critical for WhiB interaction with 

HrdB are visualised as pink sticks and indicated with an arrow, structural aspects of WhiA which come in 

close proximity to WhiB are highlighted in cyan. DNA is shown for reference. Developed from PDB:8DY9 

(Lilic et al., 2023). 
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1.4.4. WblC (WhiB7) 

1.4.4.1 WblC Controls Intrinsic Antibiotic Resistance  

In contrast to acquired antibiotic resistance, which describes the horizontal transfer of 

resistance genes or spontaneous mutations in susceptibility genes, intrinsic antibiotic resistance 

refers to ‘innate’ resistance traits in bacteria, such as outer membrane impermeability and non-

selective efflux channels. At sub-inhibitory concentrations, antimicrobial compounds can 

function as elicitors of intrinsic resistance via physiological reprogramming, relayed by diverse 

sensing and signalling mechanisms to mitigate the cellular damage exerted by antimicrobials 

(Jarlier & Nikaido, 1994; Davies et al., 2006; Bernier & Surette, 2013).  

The wblC (whiB7) gene encodes a large (123 aa in S. venezuelae and S. coelicolor) Wbl protein, 

generally observed only within the Actinomycetales order, and critical for the initiation of intrinsic 

multi-drug resistance mechanisms. Mutants which lack a functional copy of wblC, are unable to 

cope with antibiotic stress and exhibit elevated susceptibility, especially to translation-inhibiting 

antimicrobial compounds (Figure 1.9; Morris et al., 2005; Ramón-García et al., 2013). There 

appear to be remarkable similarities in the function of WblC/WhiB7 across the Actinomycetales 

genera and orthologues are apparently able to largely complement heterologous ΔwblC/whiB7 

mutant hosts but are likely to have species-specific targets (Ramón-García et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

1 

Figure 1.9. Comparative susceptibility fingerprints of wildtype S. lividans RM1 and an 

RM1 ΔwblC mutant, to a range of antibiotics applied via E-test strips: (1) Erythromycin 

(2) Tetracycline (3) Rifampicin (4) Quinupristin. Figure adapted from that published by 

Morris et al. (2005).  
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1.4.4.2. Ribosome-Mediated Attenuation of wblC Transcription 

Upon exposure to sub-inhibitory concentrations of translation-inhibiting antibiotic (e.g. 

Tetracycline, Erythromycin, or Streptomycin), the transcription of wblC mRNA is markedly and 

rapidly enhanced by up to several orders of magnitude over controls (Geiman et al., 2006; Burian 

et al., 2012; Lee et al., 2020). Antibiotic-dependent wblC induction is established by a ribosome-

mediated transcription-attenuation (riboregulation) mechanism (Lee et al., 2022). In short, an 

upstream (u)ORF (relative to wblC) acts to relay the translational state of the cell to a DNA-based 

Rho-Independent Terminator (RIT) within the promoter region of wblC, prematurely terminating 

transcription under translation-permitting conditions. Ribosomal stalling during uORF mRNA 

translation causes a change in the RIT’s structure, forming an anti-terminator which promotes 

readthrough into wblC. This intriguing mechanism of gene regulation was first described for the 

Tryptophan biosynthetic operon, trpL (EDCBA), of Pseudomonas (Yanofsky, 1981) but has 

become better defined as a key bacterial approach to ensure the necessary expression of 

resistance genes for translation-inhibiting compounds (Lovett et al., 1996; Dar et al., 2016; Wang 

et al., 2021). Nevertheless, the uORF-WblC system appears to be evolutionarily distinct from 

comparable systems (Lee et al., 2022). 

 

1.4.4.3 Redox, Regulation and the Ribosome: WblC’s Resistance Mechanisms 

The first direct regulatory target of WblC to be determined in Streptomyces spp. was the 

sigR-rsrA operon, encoding the ECF sigma factor σR and its redox-sensitive anti-sigma factor, 

RsrA, which control the principal thiol stress response in Streptomyces (Paget et al., 1998). The 

standard SigR response auto-induces expression of a longer, but unstable, isoform of SigR from 

a SigR-dependent promoter (sigRp2), eliciting a rapid and transient response (Kim et al., 2009; 

Park et al., 2019). In contrast, in the presence of antibiotics, WblC mediates expression from a 

downstream and SigR-independent promoter, sigRp1, yielding a more stable isoform of SigR 

(SigR’) and a prolonged stress response (Yoo et al., 2016). This function of WblC revealed thiol-

oxidative stress as a previously unappreciated but deleterious consequence of translational 

inhibition.  

More recently, in vivo ChIP-seq performed in the model organism Streptomyces coelicolor, 

under antibiotic-challenged conditions, indicated global binding of WblC to over 300 promoters. 

Comparable to WhiB, WblC targets an AT-rich region directly upstream of the -35 bp region of 

target promoters (Lee et al., 2020), this is consistent with previous findings that WblC and its 

orthologues possess a canonical AT-hook motif (Bush et al., 2018; Figure 1.6). The Cryo-EM 

structure of M. tuberculosis WhiB7-σA complex bound to whiB7p has been solved and 

demonstrated binding within the minor-groove of DNA, a feature conserved by WhiB and also 

more generally by AT-hook proteins (Aravind & Landsman, 1998; Lilic et al., 2021 and 2023).  
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Understandably, many identified WblC targets in S. coelicolor encode proteins which could 

participate in antibiotic export, such as ABC and MFS-superfamily transporters (e.g. CmlR2, 

Pep) or various transferases, which may act to chemically inactivate translation-inhibiting 

compounds. Nevertheless, many of these genes have never been studied. More interestingly, 

WblC was found to regulate various ribosomal proteins, and deletion of wblC significantly altered 

ribosomal protein composition under antibiotic stress, as determined by mass spectroscopy. 

Thus, WblC controls adaptive regulation of ribosomal composition to promote translation under 

translation-inhibiting conditions and, consequently, create a feedback loop to maintain its own 

repression (Lee et al., 2020). 

 

1.4.5. WhiD (WhiB3; WhcB) 

Early micrographs of S. coelicolor ΔwhiD mutants revealed morphological abnormalities 

in spore-chains, compared to the wild type, indicating a possible role in late-stage (stationary) 

growth and spore-maturation. Accordingly, WhiD appears to be specifically transcribed during 

late reproductive growth but the underlying molecular mechanisms defining its mutant 

phenotype remain unclear, and little work has since managed to clarify the in vivo function of 

WhiD in Streptomyces spp. (Molle et al., 2000). Nevertheless, all WhiD orthologues are 

associated with stationary growth (Lee et al., 2012; 2013). Streptomyces WhiD has served as an 

important model for the in vitro study of the iron-sulphur cluster and the interaction with σHrdB/σA 

(Section 1.4.1). Unique C-terminal domains mediate in vitro dimerisation of S. venezuelae WhiD, 

which may be important for its in vivo function (Stewart et al., 2020).  

The molecular roles for WhiB3 in Mycobacterium spp. are better described. The whiB3 gene is 

specifically upregulated and required during starvation, hypoxia and •NO stress encountered 

within macrophages (Singh et al., 2007; Saini et al., 2012). In accordance with this, whiB3 is 

activated by the key pH- and nutritionally responsive regulators RegX3(SenX3), GlnR and 

PhoP(R), which have important roles in survival and virulence (Feng et al., 2018; You et al., 2019; 

Mahatha et al., 2020). In agreement with this, whiB3 mutants are unable to cope with starvation 

or acid stress and exhibit attenuated virulence within murine models. Mutants also lose 

accumulation of the complex lipids, phthiocerol dimycocerosate (PDIM), polyacyltrehalose 

(PAT) and the sulfolipid (SL-1) which are important virulence components in pathogenic species. 

In part, this has been attributed to apo-oxidised (disulphide) WhiB3 binding to the promoter 

elements of pks2 (SL-1) and msl3 (PAT), encoding polyketide synthases, to activate their 

transcription (Singh et al., 2009).  

Intriguingly, under defined redox stress, whiB3 mutants lose the ability to accumulate 

triacylglycerol (TAG), a key aspect of mycobacterial development and the dormancy program, 
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but the mechanism behind whiB3-dependent TAG and PDIM accumulation remains unclear 

(Singh et al., 2009). The whiB3 gene has been transcriptionally associated with dormant cells in 

M. smegmatis and draws a direct molecular parallel with its role in sporulation of Streptomyces 

spp. (Wu et al., 2016). As both Streptomyces and Mycobacterium spp. are uniquely oleaginous 

bacteria and accumulate TAG as an alternative energy source, the function of mycobacterial 

WhiB3 in lipid anabolism could indicate a comparable function in the Streptomyces homologue, 

although this remains to be determined experimentally. 

 

1.4.6. An Enigma – WblE (WhiB1; WhcE)  

The wblE gene of Streptomyces spp. and its orthologues in other actinomycetes remain 

enigmatic. Two independent attempts to disrupt wblE in S. coelicolor and S. avermitilis, using 

the homologous recombination-based ‘ReDirect’ technology, failed to yield mutants (Fowling-

Goldsworthy, 2011; Liu et al., 2017). Meanwhile, large-scale transposition mutagenesis in S. 

coelicolor revealed a 2112 bp transpositional dead-zone (5,701,374 – 5,703,486 bp) which 

spanned the entirety of wblE and its preceding gene SCO5241 (vnz_24260), thus implying that 

the gene product is essential (Xu et al., 2017). This is comparable to M. tuberculosis where 

conditional whiB1 knockouts are lethal to the cell (Smith et al., 2010). Nevertheless, varying 

evidence exists for the gene’s importance throughout the wider Actinobacteria, such as in 

Corynebacterium, Bifidobacterium and Gordonia spp. where it can be deleted without lethality 

(Kim et al., 2005; Murarka et al., 2020). Intriguingly, C. glutamicum Apo-WhcE stably interacts 

with a Hydrophobe/Amphiphile-Efflux (HAE)-1 family transporter ‘SpiE’, but no identifiable 

homologue is present in either Streptomyces or Mycobacterium spp. suggesting that distinct 

functional differences do in fact exist (Park et al., 2016). To this end, M. tuberculosis WhiB1 and 

the glycogen branching enzyme GlgB1 undergo disulphide exchange, but the conservation and 

relevance of this interaction is poorly understood (Garg et al., 2009).  

A central function for WblE in Streptomyces growth, development and secondary metabolism 

can be interpreted from the regulatory pathways that connect to the wblE gene (Figure 1.10). 

The redox sensor, Rex, controls aerobic respiration and haem biosynthesis in response to the 

NADH:NAD+ ratio, but also directly represses wblE in S. avermitilis, suggesting a role for the 

gene product that is dependent on, or important for, aerobic growth (Brekasis & Paget, 2003; 

Liu et al., 2017). The expression of wblE also seems to be intimately connected with the 

extracellular environment via two conserved response regulators. MtrA (of the TCS MtrAB-

LpqB) and AbrC3 (of the atypical TCS AbrC1-C2-C3), which both coordinate development and 

secondary metabolite synthesis in cooperation with their cognate histidine kinases. While AbrC3 

positively influences wblE expression through an indirect mechanism, evidence suggests MtrA 

directly represses wblE by binding its promoter (Rico et al., 2014; Som et al., 2017a and 2017b). 



27. 

The wblE gene is also directly repressed by the paralogous protein WblC (Section 1.4.4) and by 

the developmental regulator AdpA/BldH (Guyet et al., 2014). Unfortunately, no work has 

explored the physiological significance of these connections any further. 

Intriguingly, preliminary evolutionary analysis using reciprocal and recursive BLASTp (Section 

2.32.2) suggests that wblE is a contemporary representative of the most ancient WhiB-like 

ancestor in the databases; i.e. genera which possess only one WhiB-like protein are reciprocal 

best hits with WblE. Therefore studying WblE and its function has broader implications for WhiB-

like biology and evolution.  

 

 

 

 

 

 

 

 

 

 

 

 

1.4.7. Accessory Wbl Proteins 

A common feature in many Actinomycetes is the presence of additional, unique wbl 

genes which often share similarity with the core paralogues described above but are poorly 

conserved across species and/or genera. Many accessory wbl genes are carried on plasmids, 

(e.g. pvnz_37335 in S. venezuelae) which may therefore represent transmissible hubs for their 

evolution and expansion in Actinobacteria. Under standard growth conditions, Accessory wbl 

gene knockouts in Streptomyces spp. often lack clear phenotypes upon their deletion, indicating 

adaptive functions; S. coelicolor accessory Wbls (wblH, I, J, K, L, M, N) have each been deleted, 

but to no phenotypic avail, although, varying information exists for the importance of wblI in S. 

lividans TK24 (Fowler-Goldsworthy et al., 2011; Yan et al., 2017). Another curious example is, 

WblP which represents a WhiB-like protein fused to a sigma factor and often carried on plasmids. 

Mycobacterium spp. also encodes whiB5 and whiB6 which are distinct from the archetypal 

genes or Streptomyces accessory wbl genes, but play demonstrably important roles in virulence 

and survival of M. tuberculosis (Casonato et al., 2012; Chen et al., 2016). 

Figure 1.10.  Transcription factors acting at the wblE promoter and whether they 

regulate wblE directly (solid line) or indirectly (dashed); and in a  positive (+) or  

negative (-) manner. Predicted binding sites, relative to transcriptional start sites, 

are shown for regulators with evidence of direct binding to wblEp 
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1.4.8. The WhiB-like Genesis Dilemma 

As stated earlier, WhiB-like proteins are confined to the Actinobacteria; a curious 

exception is their presence in associated actino-bacteriophages (actinophages). Notably, 

Mycophage TM4 encodes WhiBTM4 (aligned in Figure 1.6), a homologue of WhiB which hijacks 

Mycobacterial development via whiB2 repression, inhibiting cell-division but foregoing cell-death 

(Rybniker et al., 2010). The distinct phylogenetic distribution of Wbl proteins between 

actinophages and the Actinobacteria nonetheless raises a chicken and egg dilemma for WhiB-

like proteins. Did WhiB-like proteins evolve in Actinobacteria and transfer their genes to co-

evolving bacteriophages, or did an early actinophage evolve specialised effectors which slipped 

into enemy hands?  
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1.5. Ancient Prosthetic Groups: Iron-Sulphur Clusters 

Iron-sulphur clusters represent an ancient and versatile prosthetic group that likely 

emerged from abiogenic origins on early Earth (Bonfio et al., 2017; Jordan et al., 2021); a history 

that is reflected in their pervasive and often crucial roles (beyond regulation) in electron 

transport chains and as catalytic centres in core biosynthetic or catabolic enzymes, in all 

domains of life (Beinert et al., 1997). Most commonly, clusters are ligated by cysteine thiolates 

(-RS-), like in Wbl proteins, although alternative residues such as histidine, aspartate and serine 

are less frequently reported (Crack et al., 2012, 2018). An array of stable Fe-S arrangements 

are documented to exist within proteins but the [4Fe-4S] and [2Fe-2S] cluster arrangements are 

the most common and are the only configurations with documented regulatory functions (Crack 

et al., 2018). 

 

1.5.1. Cluster Assembly and Incorporation 

The intracellular assembly of Fe-S clusters from free ferrous and/or ferric iron (Fe2+ / 

Fe3+) and sulphide (S2-) ions is prohibited due to their inherent reactivity. In order to circumvent 

the toxicity posed by these ions, organisms must employ dedicated intracellular cluster-

assembly machinery. Within the prokaryotes, three distinct, multi-protein pathways have 

emerged: the ISC (Iron-sulphur cluster), SUF (Sulphur assimilation) and NIF (Nitrogen fixation) 

pathways. The machinery encoded by the nif genes maintain a largely specialised role in 

nitrogen-fixing bacteria, where it mediates the assembly of iron and sulphur into the simple [4Fe-

4S], and complex [7Fe-9S-Mo-C] (FeMo-co) and [8Fe-7S] (P cluster) centres of Nitrogenase 

enzymes (Hu & Ribbe, 2011; Einsle & Rees, 2021). In contrast, the isc and suf operons are 

widespread and encode the machinery necessary for ‘house-keeping’ iron-sulphur cluster 

assembly (Roche et al., 2013); some species, such as E. coli, possess both. The SUF machinery, 

in particular, appears to function favourably under conditions of iron starvation or oxidative 

stress, and has thus been preferentially retained over the ISC-system in most aerobic Gram-

positive bacterial species and pathogens, including Streptomyces and Mycobacterium spp. 

(Fontecave et al., 2005; Huet et al., 2005; Willemse et al., 2018; Cheng et al., 2020) 

Each assembly system utilises a similar mechanism which varies predominantly in the machinery 

used (Roche et al., 2013). First, iron and sulphur must both be donated to the pathway; a 

cysteine-desulphurase (SufS) enables the use of the amino acid, L-cysteine, as a stable sulphur 

source, liberating and binding sulphur as a transient persulphide intermediate (R-SSH; S0). The 

route for iron donation remains controversial but likely occurs via species-specific carrier 

proteins and via passive scavenging of labile Fe2+. These elements are simultaneously loaded 

onto the SufB (or SufU) scaffolds, whereby electrons are donated via NADPH or ferredoxins 
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(Fdx), to bond persulphide sulphur (S0) and iron(II). The specific maturation and transfer of the 

[Fe-S] cluster to apoproteins, is catalysed primarily by chaperone/co-chaperone-like ATPase 

systems, such as the SufBC2D complex, which drive conformational changes to facilitate rapid 

cluster transfer to client apo-proteins. 

Each system also usually contains an A-type (e.g. SufA/IscA) carrier, which can receive mature 

[2Fe–2S] or [4Fe–4S] clusters from the SufBC2D machinery via three conserved Cys residues, 

before transferring them to client apoproteins. A-type carriers are expected to provide an 

important level of diversity and control in tailoring [Fe-S]-cluster delivery to a broad range of 

client proteins (Roche et al., 2013). In E. coli, A-type SufA, IscA and ErpA (for essential 

respiratory protein A) are essential for cluster biogenesis in the presence of oxygen or other 

electron acceptors, as well as during iron-depletion (Johnson et al., 2006a; Gupta et al., 2009; 

Loiseau et al., 2007; Vinella et al., 2009; Angelini et al., 2008).  

In S. venezuelae and S. coelicolor, the putative house-keeping sufTUSC(fdx)DBR operon is 

situated at the vnz_07605 - vnz_07640 (SCO1919 - SCO1926) locus (Table 1.2). The only 

identifiable A-type carrier in the genus is a distantly encoded ErpA homologue (vnz_08915; 

SCO2161). Unfortunately, limited investigation has been undertaken on this system within 

Streptomyces, although the suf pathway in the related pathogen, M. tuberculosis, has been 

somewhat better characterised (Huet et al., 2005; Tripathi et al., 2022) and these systems are 

well conserved across the bacterial domain. Even so, it has not been adequately ascertained 

how Wbl proteins acquire their [4Fe-4S] cluster in vivo and the regeneration of Holo-Wbl proteins 

poses an interesting basis for control of Wbl-signalling and function. 

 

 

Table 1.2. The suf operon of S. venezuelae (S. ven) and S. coelicolor (S. coe) and their predicted 

encoded components. Experimental evidence presently available for these assignments is 

provided in the right column: (1) Tripathi et al., 2022 (2) Cheng et al., 2020 (3) Willemse et al., 2018 

(4) Loiseau et al., 2007. 

S. ven S. coe Name Function Ref. 

vnz_07605 SCO1919 SufT Auxiliary factor 1 

vnz_07610 SCO1920 SufU U-type scaffold - 

vnz_07615 SCO1921 SufS Cysteine desulphurase - 

vnz_07620 SCO1922 SufC [Fe-S] Chaperone ATPase - 

vnz_07625 SCO1923 Fdx [2Fe-2S] Ferredoxin - 

vnz_07630 SCO1924 SufD [Fe-S] Chaperone assembly protein - 

vnz_07635 SCO1925 SufB [Fe-S] Chaperone scaffold - 

vnz_07640 SCO1926 SufR [Fe-S] Operon sensor-regulator 2, 3 

vnz_08915 SCO2161 ErpA A-type carrier protein 4 
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1.6. A molecular •NOmad: Nitric Oxide as a Signaling Molecule 

The small, gaseous radical, nitric oxide (•NO), is an uncharged radical with a minimal 

dipole moment across its double bond which, together with its radical electron, yields a lipophilic 

character to the molecule. Consequently, •NO dissolves freely in both aqueous and hydrophobic 

environments, enabling its unimpeded diffusion through the cytoplasm and cell membrane, a 

feature that differentiates the molecule as a potent mediator of signals in biological systems. The 

signals generated by •NO can be transduced via direct or indirect pathways, within the cell.  

Despite how nitric oxide is often portrayed, it is a relatively weak oxidant and is not capable of 

directly abstracting bis-allylic hydrogens from fatty acids (unlike •OH), an initiating step in the 

deleterious lipid peroxidation chain reaction. Nevertheless, •NO can directly S-nitrosylate metal 

centres, a signal seemingly sensed by the WhiB-like and NsrR proteins (Sections 1.4 and 

1.6.2.3).  The eminent effect of •NO is its direct, high affinity scavenging of other more damaging 

species, including the hydroxyl (•OH–), lipid (L•), lipoxide (LO•), and lipoperoxide (LOO•–) radicals, 

effectively terminating their cognate chain reactions (O’Donnel & Freeman, 2001; Bulusu et al., 

2019). Notwithstanding this, in the presence of the superoxide radical (O2
–), •NO acts as a potent 

pro-oxidant, coupling at a diffusion-limited rate to produce the peroxynitrite anion, ONOO– (Huie 

& Padmaja, 1992). The ONOO– ion elicits signals via its rich oxidative chemistry, including, but 

not limited to, modification of protein residues (e.g. Tyr nitration and Cys oxidation; Bartesaghi 

& Radi, 2018), the formation of nitrogen oxide lipid adducts and initiation of lipid peroxidation 

(Rubbo et al., 1994; O’Donnel et al., 2001; Wright et al., 2006). The oxidative activity of ONOO–  

is thought to comprise the majority of indirect signals by •NO; free transition metal centres in 

addition to reactive oxygen species, such as hydrogen peroxide (H2O2) can also promote the 

generation of ONOO–
 ions (Radi, 2004; Möller et al., 2019).  

 

1.6.1. Endogenous Sources of Nitric Oxide in Streptomyces spp. 

Whilst it is understandable that nitric oxide signals in pathogenic Mycobacterium spp. 

can be host-derived (i.e. during macrophage infection), how developmentally significant 

concentrations of •NO arise in free-living actinomycetes such as Streptomyces spp. was 

previously unclear. Recent work has since demonstrated that Streptomyces species are capable 

of generating •NO endogenously, via reductive and oxidative pathways (Sasaki et al., 2016).  

 

1.6.1.1 Nitrite Reductase Derived •NO (Reductive Synthesis) and Signalling  

In S. coelicolor •NO is produced endogenously via the reduction of nitrite at the active 

site of the dissimilatory nitrate reductase (NarGHI3) molybdoenzyme (Figure 1.12.a – Sasaki et 

al., 2016; Vine & Cole, 2011; Honma et al., 2021;). •NO production by S. coelicolor NarGHI3 has 
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been shown to directly control production of the antibiotic actinorhodin (ACT) via the •NO-

sensing OsdRK two-component system, a homologue of the DosRS(T) dormancy factors of 

Mycobacterium spp. More specifically, •NO binds to the haem group of OsdK, inhibiting 

autophosphorylation and phosphotransfer to OsdR, thus inhibiting DNA binding activity. This 

relieves repression of the ACT pathway specific activator gene, actII-4, by OsdR and ultimately 

increases the production of ACT (Honma et al., 2021). The •NO-mediated signalling by OsdRK 

also modulates S. coelicolor entry into sporulation and negatively feeds back on the expression 

of narGHI2 to control the levels of endogenous •NO (Urem et al., 2016; Fischer et al., 2019; 

Honma et al., 2021). Regulatory agents required for development, such as the anti-anti-sigma 

factor BldG and the orphan RR, BldM, are also overexpressed in ΔnarGHI3 strains, suggesting 

a distinct role for nitrite derived nitric oxide signalling in early Streptomyces development and 

secondary metabolism (Honma et al., 2022). Nitrite, which can therefore be viewed as a more 

stable source of •NO, also functions in inter-cell developmental coordination, exported via 

dissimilatory NarK pumps (Sasaki et al., 2014; Fischer et al., 2014; Yukioka et al., 2017). In S. 

coelicolor, NarGHI3 is just one of three dissimilatory (respiratory) nitrate reductases encoded 

within the genome, all of which are controlled developmentally and in response to oxygen 

availability, possibly indicating similar but specialised roles, compared to NarGHI3 (Fischer et 

al., 2014). The physiological effectors of •NO synthesis by NarGHI3 remain to be discovered. 

 

 

1.6.1.2. Nitric Oxide Synthase Derived •NO (Oxidative Synthesis) 

Intriguingly, S. venezuelae does not encode NarGHI enzyme systems; instead, it 

encodes a putative bacterial nitric oxide synthase (bNOS; vnz_32420), an obvious candidate for 

•NO signalling. The bacterial NOS enzymes are truncated in relation to their eukaryotic NOS 

counterparts, but catalyse an analogous, haem-dependent synthesis of •NO from the oxidation 

of L-arginine (Figure 1.12.b – Kers et al., 2004; Gusarov et al., 2008). The best-studied example 

in the Streptomyces genus is the S. turgidiscabies bNOS, TxtD, which generates •NO for the 

biosynthesis of the phytotoxin, Thaxtomin. The TxtD-derived •NO is ultimately utilised by TxtE 

Cytochrome P450 (CYP450) for oxidative nitration of L-tryptophan to the L-4-nitrotryptophan 

intermediate (Kers et al., 2004; Barry et al., 2012). Intriguingly, however, TxtD is capable of 

generating a diffusible signal via excess production of •NO (Johnson et al., 2008) which is 

perhaps of particular developmental interest in non-pathogenic species possessing bNOS 

homologues, such as S. venezuelae (vnz_32420). Nevertheless, their role in development has 

not yet been studied and only a limited number of Streptomyces species appear to encode 

bacterial Nitric Oxide Synthase (bNOS) enzymes.  
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1.6.1.3 An Expanded View of Reductive •NO production in Streptomyces spp. 

The reductive generation of •NO in Streptomyces spp. closely resembles endogenous 

•NO synthesis in eukaryotes. Echoing the results that have emerged in eukaryotes, perhaps •NO 

synthesis could occur much more broadly within the cell at a range of Molybdenum centres 

(Bender & Schwarz, 2018). Five members of the eukaryotic molybdenum (Mo)-dependent 

enzyme family (mARC; aldehyde oxidase; nitrate reductase; sulfite oxidase; xanthine 

oxidoreductase) are known to reduce nitrite to •NO along physiological oxygen and pH gradients, 

whereby oxygen appears to function as a competitive inhibitor to nitrite reduction (Godber et al., 

2000; Li et al., 2004; Li et al., 2009; Sparacino-Watkins et al., 2014; Wang et al., 2015). All 

Streptomyces species conserve an assimilatory nitrate reductase (nasA; vnz_11080, sco2473) 

and two conserved, albeit putative, xanthine dehydrogenase operons (vnz_29425-35 and 

vnz_13285-75), which could also theoretically contribute to •NO synthesis via their Molybdo-

centres, similar to NarGHI3 (Wang & Zhao, 2009; Chandra and Chater, 2014).  

 

1.6.2. •NO Homeostasis and Detoxification 

Despite its multi-faceted roles in cell-signalling and radical termination, the majority of 

signals transduced via •NO are oxidative and thus can become toxic to a cell (collectively known 

as nitrosative stress), so its tension must be tightly regulated. Due to the reactive nature of •NO, 

especially with O2
- and other ROS such as H2O2, antioxidant enzymes such as superoxide 

dismutase and catalase, can also mitigate the cellular damage mediated by nitric oxide by-

products. In eukaryotes, superoxide dismutase (SOD) can prolong •NO half-life and signalling 

via this approach (Radi, 2004). However, the following sections refer to the specific pathways of 

•NO detoxification and homeostasis. 

 

1.6.2.1. Nitrite Assimilation 

It follows that, if •NO is formed from reduction of NO2
– in vivo, alternative pathways which 

utilise and redirect intracellular NO2
– can forestall NO generation whilst simultaneously 

maintaining NO2
- homeostasis, preventing toxicity. In S. coelicolor, the conserved assimilatory 

nitrite reductase NirB1B2D is central to nitrogen metabolism and reduces intracellular NO2
– to 

ammonium (NH4
+). Deletion of nirB1B2D yields markedly increased expression of hmpA1, which 

can be seen as a function of •NO concentration (see Section 1.6.2.3), suggesting a significant 

homeostatic role in Streptomyces •NO synthesis (Yukioka et al., 2017). Moreover, ΔnirB1B2D 

mutants also exhibited dysregulated Undecylprodigiosin production, reinforcing the link 

between •NO and secondary metabolism. It seems likely, therefore, that other significant nitrite 

sinks, such as export by NarK-type pumps, could also have an effect on •NO-homeostasis but 
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this remains to be determined experimentally (Fischer et al., 2014; Sasaki et al., 2016). Similar 

homeostatic functions for NirBD and NarK have been proposed in M. tuberculosis, especially 

during dormancy (Tan et al., 2010).  

 

1.6.2.2. Low Molecular Weight (LMW) Thiols; Mycothiol 

Low molecular weight (LMW) thiols refer to small, organic compounds characterized by 

the presence of a redox active sulfhydryl (-SH) functional group. In cellular systems, LMW thiols 

often serve as antioxidants, providing a buffer against oxidative damage. However, mycothiol 

(MSH) is an evolutionarily unique low-molecular-weight thiol found only in Actinobacteria, 

including Mycobacterium and Streptomyces spp. However, it conserves many of the 

characteristics of the widespread glutathione (GSH); scavenging free radicals, serving as a 

cofactor for antioxidant enzymes and acting as a cysteine reserve which, together, provide 

comprehensive protection against oxidative and nitrosative stress (Newton et al., 1993; Newton 

et al., 1995; Newton et al., 2008).  

Mycothiol can undergo S-nitrosylation by nitric oxide, effectively sequestering the radical and 

yielding S-nitrosomycothiol (MSNO). In Mycobacterium spp., MSNO is reduced by the 

bifunctional MSNO/formaldehyde reductase (MscR). MscR, has a high specific activity towards 

MSNO, catalysing its reduction to the disulphide mycothione (MSSM), releasing NO3
- back to 

the nitrogen oxide cycle, see Figure 1.11 (Vogt et al., 2003). The NADPH-dependent disulphide 

reductase, Mtr, catalyses the subsequent regeneration of MSH from MSSM (Newton et al., 

2008). Streptomyces spp. possess a clear orthologue of the MscR protein (vnz_06235), 

indicating that a similar antioxidant pathway exists for MSNO in this organism. Moreover, some 

Actinobacteria possess the rare capability to synthesise the LMW thiol Ergothioneine, de novo 

(EGT - Newton et al., 1993). In M. smegmatis, EGT seems to play a specific role in managing 

nitrosative stress, whereas its protective role appears to be more general in S. coelicolor (Vargas 

et al., 2016; Nakajima et al., 2015). Nevertheless, specific details are lacking for this rare thiol.  

 

 

 

 

 

 

Figure 1.11. Chemical structure of mycothiol (MSH), S-nitrosylation by nitric oxide and 

detoxification of S-nitrosomycothiol (MSNO), to mycothione (MSSM) and nitrate. The 

sulfhydryl group and its derivatives are outlined in blue. 
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1.6.2.3. Flavohaemoglobins (Nitric Oxide Dioxygenases) 

Flavohaemoglobins (Hmp) are the pre-eminent agents of •NO detoxification inside 

bacterial cells and present a highly conserved tripartite modularity, with tandem NAD-binding, 

FAD-binding and globin (haem-binding) domains. The globin domain of Hmp preferentially binds 

nitric oxide (•NO) via oxidative S-nitrosylation of the ferrous haem iron (II) centre to Hmp-Fe(III)-

NO (Kim et al., 1999; Poole, 2020) and reduces this to nitrate in the presence of NADH and 

molecular oxygen (O2), completing the nitrogen oxide cycle (Figure 1.12). It has also been 

reported that Hmp functions anaerobically, whereby •NO can be reduced to N2O by NADH at 

the Hmp-haem, albeit at a slower rate (Kim et al., 1999; Hausladen et al., 2001; Bonamore & 

Boffi, 2008; Poole, 2020). Intriguingly, there are subtle evolutionary discrepancies in Hmp-

mediated nitric oxide detoxification between model Streptomyces species; S. coelicolor 

possesses two flavohaemoglobins, which are encoded by hmpA1 and hmpA2 (SCO7428 and 

SCO7094) and repressed by the [4Fe-4S] Rrf2-family regulator NsrR, relieving repression in 

response to •NO binding the Fe-S cluster (Munnoch et al., 2015). On the other hand, S. 

venezuelae, encodes three putative hmpA-like genes (vnz_14270; vnz_18160; vnz_35655), 

which do not seem to be regulated by the evolutionarily divergent NsrR ‘homologue’ RsrR (Crack 

et al., 2016; Munnoch et al., 2016).  

 

1.6.2.4. Nitrobindins: Potential •NO-shuttles 

The Nitrobindins (Nbn) are a conserved family of hydrophobic (10-stranded) β-barrel 

proteins possessing a central solvent-exposed ferric haem iron (III) that selectively binds •NO. 

Nitrobindins are conserved eukaryotic proteins, however, their distribution amongst bacteria is 

curiously restricted to the Actinobacteria phylum and all Streptomyces species conserve a nbn-

like gene within their genomes (Chandra & Chater, 2014). In vitro, the M. tuberculosis and H. 

sapiens Nbn proteins catalyse analogous OH–-mediated (alkaline-dependent) conversion of •NO 

to HNO2 concomitant with unique, reductive S-nitrosylation of the haem iron (III) by a second 

•NO molecule, yielding Nbn-Fe(II)-NO (Figure 1.12.a). Evidence of a similar mechanism has been 

documented for S-nitrosylation of the A. thaliana (plant) Nbn (Bianchetti et al., 2010; De Simone 

et al., 2020a & 2020b). In addition, both M. tuberculosis and H. sapien Nbn(III) have been shown 

to be capable of scavenging and detoxifying the superoxide termination product, ONOO–, which 

protects L-tyrosine against nitration, in vitro (De Simone et al., 2020). Unfortunately, there is 

currently a poor understanding of how this relates to the intracellular environment of specific 

organisms. The closely related 8-stranded β-barrel Nitrophorins (Npn) are equally as elusive but 

work in the haematophagous insect, Rhodnius prolixus, has indicated a role in •NO-trafficking to 

ultimately promote vasodilation of their blood-prey (Ribeiro et al., 1993; Weichsel et al., 1998). 

Thus, a similar role has been projected for Nbns. In bacteria, Nbns closely match the distribution 
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          (NarGHI)        

a) Reductive :     NO3
– → NO2

– → •NO    

 2•NO + OH– + Nbn(III) → HNO2 → Nbn(II)-NO 

 

                                                  (NOS) 

b) Oxidative  :        L-Arg + O2  → •NO + H2O + L-Cit      

 HmpA + •NO + O2 → NO3
-  

Figure 1.12. Reaction schemes for (a) reductive and (b) oxidative routes for •NO-

synthesis (enzymes shown to right) and detoxification (enzymes incorporated into 

reaction schemes). 

 

of Wbl proteins, inspiring the hypothesis that they may contribute to Wbl-signalling via •NO-

scavenging at the cluster, or from S-nitrosothiol groups, with subsequent detoxification and/or 

trafficking in cooperation with mycothiol (Chandra & Chater, 2014). However, as of yet, these 

remain hypothetical functions and lack empirical evidence. 
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1.7. Summary and Thesis Aims 

Streptomyces spp. and similar related organisms undergo a complex, multicellular 

developmental program reminiscent of fungi but atypical for bacteria; The Streptomyces 

developmental program is underpinned by an array of small molecules, including c-di-GMP, 

GlcNAc and S-adenosylmethionine which act as pivotal developmental signals. The WhiB-like 

proteins stand out among developmental regulators of Streptomyces spp., binding [4Fe-4S] 

clusters, with mounting evidence for a global, pleiotropic transcriptional function, with in vitro 

evidence for •NO-specific sensing capabilities, especially when in complex with partner proteins. 

The model species, S. coelicolor, has provided evidence for robust pathways for production, 

detoxification, and potentially trafficking of •NO; the fact that modulating •NO biogenesis can 

affect both Streptomyces development and secondary metabolism begs the question of the 

depth and complexity to this signal in Streptomyces spp.  

 

This thesis explores these themes through the study of the putatively essential wblE gene, and 

its product within S. venezuelae strain NRRL B-65442, more specifically: 

• To develop a protocol for the heterologous expression and purification of WblE, in order to 

confirm that it binds a [4Fe-4S] cluster via in vitro biochemical analyses. 

 

• Utilise CRISPR-Cas9 technology to probe the essentiality of wblE gene and specific 

components of the gene’s product; are the conserved cysteine residues and thus [4Fe-4S] 

cluster essential for function? Can WblE be tagged with an affinity epitope for whole-cell 

immunoprecipitation experiments? 

 

• Determine whether WblE binds a global gene regulon via chromatin immunoprecipitation 

and confirm binding against genes in vitro. 

 

• Analyse the WblE interactome using co-immunoprecipitation to attempt to provide a more 

detailed cellular context to the function of the WblE protein. 
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Chapter 2 

Materials and Methods 

 

2.1. Chemicals and Reagents  

Chemicals and reagents used were generally purchased from Sigma Aldrich (UK) 

or Thermo Fisher Scientific (UK) and are laboratory grade or above (>99%) unless otherwise 

stated.  

 

2.2. Bacterial Strains and Growth Media 

The bacterial species and strains used or generated in this thesis can be found in 

the appended Table A.3. Working concentrations of antibiotics used for selection are listed 

in Table 2.1. Growth media are listed in Table 2.2. E. coli strains were routinely grown 

shaking at 220 rpm, in LB broth or on LB agar at 37°C  and S. venezuelae were grown at 

30°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1. Antibiotics used in this thesis, their solvents, and working concentrations for selection. 

Antibiotic Compound Working conc. (μg.mL-1) Solvent 

Apramycin 50.0 dH2O 

(Ampicillin) Carbenicillin (120.0) 100.0 50% EtOH 

Chloramphenicol 25.0 100% EtOH 

Hygromycin 50.0 dH2O 

Kanamycin 50.0 dH2O 

Streptomycin 50.0 dH2O 

Nalidixic Acid 25.0 0.3 M NaOH 

Thiostrepton 25.0 DMSO 
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Table 2.2. Growth media used throughout this thesis, and their composition (per L). 

Media Name        Composition (per L) Water pH 

Maltose Yeast Malt  

(MYM) 

4 g 

4 g 

Maltose 

Yeast Extract (Oxoid) 

Tap & dH2O 

1:1  

7.2 - 7.3 

 ± 20 g Agar    

Soya Flour Mannitol 

(SFM) 

20 g 

20 g 

Soya Flour  

Mannitol  

Tap water - 

 20 g Agar    

Minimal Media  

(MM) 

0.5 g 

0.2 g 

10 mg 

1.0 g 

K2HPO4 

MgSO4•7H2O 

FeSO4•7H2O 

(NH4)2SO4 

dH2O 7.0 - 7.2 

 ± 15 g Agar   

Luria-Bertani  

(LB) 

5 g 

10 g 

10 g 

Yeast Extract 

NaCl 

Tryptone 

dH2O - 

 ± 20 g Agar   

Luria 

(L) 

5 g 

0.5 g 

10 g 

Yeast Extract 

NaCl 

Tryptone 

dH2O - 

 ± 20 g Agar   

2x Yeast Tryptone 

(2YT) 

 

16 g 

10 g 

5 g 

Tryptone 

Yeast Extract 

NaCl 

dH2O 7.0 

5x M63 Media 

(5x M63) 

 

10 g 

68 g 

5 mg 

10 mg 

1 in 5 

(NH4)2SO4 

KH2PO4 

FeSO4•7H2O 

Vitamin B1 (Thiamine) 

Dilution in dH2O / WA 

dH2O 7.0 

Water Agar 

(WA) 

20 g Agar dH2O - 

Tryptone Soya Broth 

(TSB) 

30 g Oxoid TSB (CM0129) dH2O - 
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2.3. Measuring Optical Density of Cell Cultures 

Optical density measurements were carried out at a wavelength of 600 nm (OD600), using 

a Genesys 10S UV-Vis (Thermo ScientificTM) spectrophotometer. Undiluted culture was used for 

OD600 measurements of E. coli and B. subtilis. S. venezuelae spore stocks were diluted 1 in 20, 

or 1 in 50 with 20% Glycerol prior to OD600 measurements.  

 

2.4. Preparation and Transformation of Electrocompetent E. coli strains 

A single healthy colony of the required E. coli strain was inoculated from LB medium in 

to 10 mL LB broth (with relevant antibiotics) for overnight growth at 30 or 37oC, 250 rpm. This 

starter culture was sub-cultured to 200 mL and grown under the same conditions to an OD600 of 

0.50 - 0.55. Cells were pelleted via centrifugation at 4,000 rpm, 4oC, for 10 minutes and washed 

twice in 10% (v/v) glycerol. Cells were ultimately resuspended in 2 mL 10% (v/v) glycerol and 

dispensed as 50 μL aliquots, which were flash frozen in liquid nitrogen and transferred to – 80oC, 

for storage. Vessels used for E. coli (Falcon® and micro-centrifuge tubes) and pipette tips were 

stored at – 20oC, before and between use. Glycerol solutions were maintained at ≤ 4oC.  

To transform E. coli, approximately 0.15 - 0.3 µg of DNA was added to 50 µl of electrocompetent 

cells, in an ice-cold electroporation cuvette, and the mix was electroporated on a BIO-RAD® 

electroporator (Set to: 200 Ω, 25 μF and 2.5 kV). The electroporated cells were immediately 

diluted in ice-cold L or LB broth and transferred to a micro-centrifuge tube for non-selective 

recovery at 37°C and 250 rpm, for 40 to 60 minutes. Recovered cells were plated on 

appropriately selective L or LB agar and grown overnight at 37oC for transformant selection. 

 

2.5. Preparation and Transformation of Chemically Competent E. coli strains 

To prepare chemically competent cell-lines, a healthy culture of the required E. coli strain 

was grown and pelleted as previously described. E. coli strains were washed twice in 10 mL of 

CaCl2 (0.1 M) and Glycerol (10% v/v) solution and ultimately resuspended in 2 mL of the CaCl2-

glycerol solution. The cells were dispensed as 100 μL aliquots into micro-centrifuge tubes, flash 

frozen in liquid nitrogen and transferred to – 80oC for storage. Vessels used for E. coli, pipette 

tips and glycerol solutions were also chilled prior to use. 

To transform E. coli, approximately 0.15 - 0.5 µg of DNA was added to 100 µl of chemically 

competent cells, mixed, and incubated on ice for 30 minutes. This mixture was then heat-

shocked for 35 – 40 seconds at 42°C and immediately placed back onto ice for 5 minutes. Cells 

were diluted in L or LB broth for non-selective recovery at 37°C and 250 rpm shaking, for 40 to 
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60 minutes before being plated on appropriately selective media to grow overnight at 37oC for 

transformant selection. 

 

2.6. Preparation of Streptomyces Spore Stocks 

S. venezuelae spore stocks were generated from confluent lawns grown on MYM + TE 

for four days. Spores were gently dispersed into 10 mL dH2O with a sterile cotton-bud, 

transferred to a Falcon tube and centrifuged at 4,000 rpm 4oC for 10 minutes. Spore pellets 

were resuspended in 20% glycerol. A portion of spores were left as a concentrated stock and 

the rest were normalised to an OD600 of 1.0. All stocks were stored at -20oC. 

 

2.7. Preparation of Genomic DNA (gDNA) from Streptomyces spp. 

S. venezuelae NRRL B-65442, or its derivatives, were inoculated into TSB and grown 

overnight at 30oC, 250 rpm. This culture was centrifuged at 4,000 rpm for 15 minutes and the 

mycelia flash-frozen, thawed, and resuspended in 400 µL SET Buffer (75 mM NaCl, 75 mM 

EDTA, 20 mM Tris-HCl, pH 7.2) in a micro-centrifuge tube. Lysozyme (50 mg.mL-1), RNase A (1 

mg.mL-1) solutions were added to final concentrations of 5 mg.mL-1 and 0.1 mg.mL-1 respectively, 

and the mixture incubated at 37oC for 1 hour with occasional agitation. The digested mycelia 

were placed on ice and SDS was added to a final concentration of 1%. An equal volume of 

phenol-chloroform was added to the reaction and thoroughly mixed. The mixture was 

centrifuged at 15,000 rpm and 4oC for 15 minutes, and the aqueous layer separated. This 

process was repeated until minimal protein precipitate was present at the solvent interface. The 

upper aqueous layer was added to around three volumes of ice-cold 100% EtOH and inverted 

by hand until DNA precipitated. The precipitate was pelleted via centrifugation at 15,000 rpm, 

4oC, for 20 minutes, washed in 500 µL ice-cold 80% EtOH and allowed to air-dry before being 

thoroughly resuspended in cold dH2O and refrigerated overnight. The concentration of purified 

S. venezuelae genomic DNA was normalised to about 100 ng.µL-1 and aliquots stored at 4oC or 

-20oC. 

 

2.8. Primer and Oligonucleotide Design 

A table of all primers used in this work can be found in the thesis appendix (Table A.1). 

All primers used in this work were designed on ApE (a plasmid editor) to possess a 16 - 26 bp 

priming region (not including overhangs) with a Tm generally between 60oC and 63oC. Designed 

primers were ordered as custom oligonucleotides from Integrated DNA Technologies (IDT®). 
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Several mutant gene fragments were synthesised by IDT® and can also be found in the appendix, 

Table A.2. 

 

2.9. Polymerase Chain Reaction (PCR) 

For the amplification of DNA, the work reported in this thesis employed two DNA 

polymerases. The Q5® (NEB) High-Fidelity DNA polymerase was used to amplify DNA fragments 

which were destined for cloning. Alternatively, the PCRBIO® Taq Mix (Red) DNA Polymerase 

(from PCR Biosystems) was generally used for diagnostic amplifications, such as S. venezuelae 

and E. coli colony PCR (see Section 2.10). Reactions were generally conducted using the 

schemes and mixtures outlined in Table 2.4. The C1000 Touch (BIO-RAD®), DNA Engine PTC 

300 (BIO-RAD®) and XT96 (VWR®) thermal cyclers were used interchangeably.  

 

2.10. Colony PCR 

2.10.1. E. coli Colony PCR 

E. coli colony were taken directly from plates or cell pellets, following centrifugation, and 

used directly as the template for PCRBIO® Taq mix PCR reactions using the Taq mix reaction 

scheme (Table 2.3.a) 

 

2.10.2. S. venezuelae Colony PCR 

An approximately 3 - 5 mm2 area of confluent mycelia was scraped from the S. 

venezuelae strain of interest, mashed in 200 µL 12% (v/v) DMSO, and incubated at 85oC for 30 

minutes. The mixes were vortexed briefly and allowed to cool before a 1 µL aliquot was taken 

as the ‘colony’ to provide the template for subsequent PCR amplification with PCRBIO® Taq mix 

or Q5 polymerase (Table 2.3.a & b), using the Q5 Reaction scheme and a 60 or 65 second 

extension (Table 2.4.a). Samples were frozen for reference.  
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         Table 2.3. PCR reaction mix compositions for (a) NEB Q5® and (b) PCRBIO® Taq polymerases 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

(a) NEB Q5® Mix 

Component Volume (µL) 

5x Q5 Reaction Buffer 5.00 

40 mM dNTPs 0.50 

 10 µM Forward 

 10 µM Reverse 

1.25 

1.25 

100% DMSO 1.00 

template 1.00 - 2.00 

Q5 Polymerase 0.25 

dH2O 13.75 - 14.75 

Total 25.00 

(b) PCRBIO® Taq Mix 

Component Volume (µL) 

2x Taq Mix (red) 5.00 

40 mM dNTPs  0.50 

10 µM Forward 2.00 

10 µM Reverse 2.00 

100% DMSO 1.00 

Template (or colony) 1.00 

dH2O 7.50 

Total 25.00 (or 26.00) 

Table 2.4. PCR thermocycler reaction schemes for (a) Q5® and (b) 

PCRBIO® Taq reactions  

(a) NEB Q5® Reaction Scheme  

Stage Temperature  Period  

Melting DNA (1) 98oC 2 minutes  

Melting DNA (2) 98oC 15 seconds  

Annealing 55oC or 62oC 15 seconds 32 x 

Extension 72oC 45 seconds per kbp  

Final Extension 72oC 5 minutes  

Hold 4oC Indefinite  
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2.11. Purification of PCR Products 

Amplified PCR products were purified directly from their reaction mixtures using 

QIAquick columns (QIAGEN®), or Monarch® PCR Clean-up Columns (NEB®), according to the 

manufacturers’ protocols. 

 

2.12. Agarose Gel Electrophoresis 

Gels were made by dissolving agarose to a final concentration of 1% (w/v) in TAE Buffer 

(40 mM Tris, 20 mM ethanoic acid, 1 mM EDTA), with the addition of 1% (10 mg.mL-1) stock 

ethidium bromide to a final concentration of 0.3 μg.mL-1 and subsequent setting within a gel 

mould. Samples of DNA were loaded with 6x Tri-Track (Thermo ScientificTM) or 6x Purple 

Loading Dye (NEB®) and run alongside 1kb Plus, 1 kb, or 100 bp DNA Ladders from NEB®. 

Electrophoresis was carried out at 120 V for 35 minutes or 90 V for 60 minutes in a Sub-cell GT 

electrophoresis system (Meridian Bioscience®; formerly BIOLINE). The DNA was visualised by 

transillumination with UV-light, using a Molecular Imager Gel Doc System (BIO-RAD®). 

 

 

(b) PCRBIO® Taq Reaction Scheme  

Stage Temperature  Period  

Melting DNA (1) 98oC 2 minutes  

Melting DNA (2) 98oC 15 seconds  

Annealing 55oC or 62oC 15 seconds 30 x 

Extension 72oC 30 seconds per kbp  

Final Extension 72oC 5 minutes  

Hold 4oC Indefinite  
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2.13. Purification of Amplified DNA from Agarose Gels 

Electrophoresed samples were transilluminated with UV-light, and the desired 

fluorescent bands excised (with minimal excess gel). No prior UV-imaging was undertaken. The 

gel slice was dissolved and the DNA extracted with the Monarch® Gel Extraction Kit (NEB®), 

according to the manufacturer’s protocol but with a single wash step and elution with dH2O. 

When used for standard cloning (Section 2.17.2) or Gibson assembly (Section 2.18), the purified 

DNA was processed a second time using a Monarch® PCR Clean-up Columns (NEB®), including 

both wash steps, and elution in dH2O.  

 

2.14. Quantification of DNA Concentrations 

Isolated DNA was analysed using the Nanodrop 2000 or DeNovix DS-11 UV-Vis 

spectrophotometers and the Qubit® assay using the Qubit® fluorimeter 2.0. Both the high-

sensitivity and the broad-range kits were used depending on the sample concentration 

estimated by Nanodrop. 

 

2.15. Preparing Vector DNA from E. coli (Mini-prep) 

Plasmid DNA was routinely extracted from an appropriately selective overnight culture 

of E. coli Top10, DH5α or NEB5α holding the desired plasmid. Purification was carried out using 

the Wizard® Plus SV Miniprep System (Promega®), according to the manufacturer’s 

centrifugation-based protocol. Elution was carried out in 60 - 100 µL dH2O and prepared vectors 

were stored at -20oC. 

 

2.16. Generating the pCRISPomyces-2 CRISPR-Cas9 Systems 

Deletion of the S. venezuelae wblE gene was achieved with the pCRISPomyces-2 

CRISPR-Cas9 system, as described by Cobb et al. (2015). A protospacer was designed with 

homology to a unique 20 bp region within, or close to, the wblE coding sequence. Iterative 

BLASTn searches were performed against the S. venezuelae NRRL B-65442 genome to ensure 

that ≥ 50% of the protospacer was unique, including all four possible combinations of the 

protospacer adjacent motif (PAM, 5’-NGG-3’). The forward and reverse protospacer sequences 

were ordered as two ssDNA oligonucleotides from IDT® and annealed by heating an equimolar 

mixture at 95°C for 5 minutes followed by ramping to 4°C at 0.1°C/second. The annealed 

protospacers were cloned into the BbsI site of the pCRISPomyces-2 vector via Golden Gate 

assembly (Section 2.17.3), to function as part of the synthetic guide RNA (sgRNA). An 



46. 

approximate 2 kbp homology repair template was PCR-amplified as fragments from purified S. 

venezuelae NRRL B-65442 genomic DNA. The two flanking arms were Gibson-assembled into 

an XbaI-digested pCRISPomyces-2 vector (Section 2.17.4).  The final, sequenced plasmid was 

transferred to the desired S. venezuelae strain via conjugation with E. coli ET12567 pUZ8002 as 

described in (Section 2.19.2). 

 

2.17. Vector Manipulation and Cloning 

2.17.1 Restriction Digests 

CutSmart® collection restriction enzymes (NEB®) were used to digest plasmid DNA in 

50 µL reactions, in accordance with product guidelines. Digestion of 2 µg of DNA was typically 

performed at 37°C for 4 hours by adding 2 units of the appropriate restriction enzyme(s). To 

prevent re-ligation, the linearised vector was dephosphorylated via the addition of 2 µL rapid 

Shrimp Alkaline Phosphatase (rSAP, NEB®) and incubated at 37oC for a further 20-30 minutes. 

Enzymes and DNA were separated by gel electrophoresis; the required bands were excised, 

and gel extracted (Section 2.13) for downstream applications. Linear DNA fragments used for 

cloning were digested identically, with the exclusion of rSAP treatment. 

 

2.17.2. Standard Cloning; Plasmid-Insert Ligations 

Ligation reactions were carried out using the NEB® T4 DNA Ligase, according to the 

manufacturer’s protocol. A molar ratio of 3:1, insert to plasmid, was used routinely for ligation 

reactions. This was calculated using the (NEB) NEBio Ligation Calculator, which automatically 

accounts for differences in the molecular weight of the DNA (https://nebiocalculator.neb.com). 

 

2.17.3 Golden Gate Assembly 

Golden gate assembly reactions were conducted with 50 – 100 ng purified 

pCRISPomyces-2 backbone and 0.3 μL of the desired insert in the presence of 2 μL T4 ligase 

buffer (NEB®) and 1 μL T4 ligase (NEB®) with 1 μL BbsI (NEB®) and dH2O to a total volume 20 

μL. This was run in a thermocycler for 10 minutes at 37°C, 10 minutes at 16°C, 5 minutes at 

50°C, 20 minutes at 65°C, for a total of 10 cycles. The products were held at 4°C. Assembly of 

the synthetic protospacers was confirmed by blue/white screening on LB + X-Gal (40 μg.mL-1) 

and sequencing by EurofinsTM. 

 

https://nebiocalculator.neb.com/
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2.17.4 Gibson Assembly and Associated Mutagenesis 

Genes and multiple DNA fragments possessing 18-30 nucleotide complementary 

overhangs were assembled directly into digested plasmids using the Gibson Assembly Master 

Mix (NEB®). A 3:1 ratio of insert to vector was used routinely, reactions were performed at 50oC 

for 30 minutes. Single nucleotide changes and knockout sequences were reciprocally 

incorporated within complementary DNA overhangs before assembly, using relevant primers.  

 

2.18. Sequencing of Plasmids and Linear DNA Fragments 

Plasmid DNA and linear fragments were confirmed by Sanger sequencing using the 

Mix2Seq service provided by Eurofins Genomics. Plasmid DNA and the relevant primer, was 

diluted in dH2O according to the manufacturer’s specifications, with the addition of DMSO to a 

final concentration of 5%. 

 

2.19. Streptomyces Conjugations 

Conjugative plasmid transfer into Streptomyces spp. was achieved using methods which 

were adapted from those reported in the ‘Practical Streptomyces Genetics’ manual (Kieser et 

al., 2000). 

 

2.19.1. Conjugating Integrative Vectors  

The non-methylating E. coli strain ET12567 pUZ8002, carrying the pIJ10257 or pSS170 

plasmids (and their derivatives) were inoculated from a 25% glycerol stock (Section 2.2) into 10 

mL L broth containing the relevant antibiotics, and grown overnight at 37oC with 250 rpm 

shaking. This culture was pelleted at 13,000 rpm and washed three times in 1 mL L broth. The 

final pellet was resuspended in 200 µL L broth to form a 50x cell concentrate. To promote 

germination, a 50 µL aliquot of concentrated S. venezuelae spores was diluted 1:10 (v:v) in 2YT 

broth and statically incubated at 30oC for around 30 minutes, prior to conjugation. These pre-

germinated S. venezuelae spores were pelleted via centrifugation at 4,000 rpm and 

resuspended in the 50x E. coli ET12567/pUZ8002 cell-concentrate. The resulting cell-spore mix 

was dispensed as 100 - 10-2 dilutions (in dH2O), spread evenly across SFM plates containing 10 

mM CaCl2, and incubated at 22oC for 18h. Successful ex-conjugants were selected via the 

application of a 1.1 mL Hygromycin (1.50 mg.mL-1) and Nalidixic Acid (0.75 mg.mL-1) antibiotic 

solution and homogenization of the growing bacterial lawn. To recover exconjugants, plates 
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were incubated at 30oC for 3 - 4 days of growth. Growing exconjugants were streaked on MYM 

(+ TE 1:500) and selected with Hygromycin. 

 

2.19.2. Conjugating pCRISPomyces-2 CRISPR-Cas9 Vectors 

The non-methylating E. coli strain ET12567/pUZ8002, carrying the assembled 

pCRISPomyces-2 plasmid-derivatives, was inoculated from a 25% glycerol stock into 

appropriately selective LB broth and grown overnight (37oC, 250 rpm). The culture was 

subsequently inoculated 1:10 in fresh LB (plus relevant antibiotics) and grown to an OD600 of 

0.80 - 0.85. The culture was pelleted at 4,000 rpm for 10 minutes, washed three times in 1/10 

culture volume LB broth (no antibiotics), and ultimately resuspended in 1/100 culture volume LB 

broth (100x cell-concentrate). All E. coli ET12567 wash and centrifugation steps were performed 

on ice or at 4oC. 

A 20% glycerol spore stock of the S. venezuelae strain was diluted 1:10 in 2YT broth and 

incubated statically at 30oC for 45 minutes, to promote germination prior to conjugation. These 

pre-germinated spores were centrifuged at 4,000 rpm for 10 minutes and resuspended in 200 

µL 100x cell-concentrate for every 100 µL of initial spore inoculum. The cell-spore mix was 

dispensed as undiluted aliquots of 200 µL, spread evenly across SFM plates containing 10 mM 

CaCl2, and allowed to grow at 22oC for 18 h. Exconjugants were selected via homogenisation of 

the growing bacterial lawn with 1.1 mL Nalidixic Acid (0.75 mg.mL-1, WT only), or Hygromycin 

(1.50 mg.mL-1) and Apramycin (1.50 mg.mL-1) solution. Following antibiotic selection, the plates 

were dried in a laminar flow and transferred to 30oC. For qualitative/test knockouts, a range of 

spore densities (OD600) were employed. However, for the quantified conjugations of 

pCi24255KO (Section 2.20), spore stocks of the test strains were normalised to an OD600 of 1.0 

(Section 2.3).  

 

 

2.20. Quantifying Frequency of pCi24255KO Exconjugant Survival 

2.20.1. Viable Spore Counts (Colony Forming Units)  

The OD600 1.0 normalised spore stocks were serially diluted by a factor of 5x10-7, 5x10-8 

and 5x10-9, in a final volume of 1 mL. From these dilutions, 200 μL aliquots were plated and the 

number of colonies were counted after 3 days of growth. The CFU.μL-1 were determined by 

inverting the dilution factors respectively. Significant differences between strains were 

determined via parametric paired t-tests in Graphpad Prism 9. Controls had no significant 

difference and were grouped. 
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2.20.2. Calculating Conjugation Efficiency and KO frequency 

Following conjugation of the pCi24255KO vector into S. venezuelae (Section 2.19.2), the 

exconjugants were grown at 30oC for 6 days. The number of exconjugants which grew were 

counted for each conjugation plate and divided by the number of spores added to the 

conjugation reaction, as determined by the CFU/spore counts (Section 2.20.1). As fixed volumes 

were used for conjugations but significant differences existed between the number of viable 

counts of some strains, the resulting conjugation frequency was normalised to the control group 

the lowest CFU.uL-1 (WT strain). Means were calculated from the adjusted frequency for each 

strain. Mann-Whitney U (non-parametric) tests were employed to determine significant 

differences between strains. A total of up to 50 strains were analysed by PCR amplification of 

the wblE locus (Section 2.20.3) to estimate the KO frequency in each strain; this was calculated 

separately. 

 

2.20.3. Confirming Knockouts by PCR amplification of the wblE locus 

To assess whether wblE had been deleted at its native locus, the DNA sequence covering the 

wblE gene and the 3’ HRT border were amplified by Streptomyces colony PCR (Section 2.10.2) 

with the primer pair LB038R and LB040F (Q5 program) or the optimized pair LB129F and 

LB040R (Taq program). Primer set that was used are stated on gel figures.  

Figure 2.1. Viable spore counts of control strains (WT, pSS170, pIJ10257, 

n = 3 each) and test strains (24255WT / SNT and O24255 WT / SNT, n = 9 

each). The strains carrying Cas9-protection (SNT) are highlighted in a darker 

shade.  n.s. = p > 0.05,     ** = p > 0.025 (Unpaired parametric t-tests) 
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2.21. WblE Chromatin-Immunoprecipitation and Sequencing (ChIP-Seq) 

The WblE ChIP-seq protocol employed was adapted from those published by Matt Bush 

et al. (2016), and in the PhD thesis of Rebecca Devine (Devine, 2018). The protocol was carried 

out in technical duplicate between wild-type S. venezuelae NRRL-B65442 and three 

independent strains of S. venezuelae ΔwblE :: pSS24255CF (see Section 4.7). For each strain, 

fresh spore stocks were prepared from four-day old confluent lawns and normalised to an OD600 

of 0.05, with dH2O. Normalised stocks were plated in aliquots of 250 µL onto solid MYM (+ TE 

1:500) overlaid with 325P cellophane discs. Plates were incubated at 30oC for 18 h, 25.5 h or 42 

h of growth. 

To cross-link proteins and DNA, cellophane discs were liberated from the medium, at the desired 

time point (18 h, 25.5 h or 42 h), and submerged upside down in 20 mL of a 1% Formaldehyde-

PBS solution (pH 7.4) at room temperature, for 20 minutes. Cellophane discs were subsequently 

transferred to 20 mL of 0.5 M glycine for 5 minutes, to quench the cross-linking reaction. The 

mycelium was harvested and washed twice with 25 mL ice-cold PBS (pH 7.4) centrifuging at 

4,000 rpm, removing the supernatant after each wash. Samples were flash frozen in liquid 

nitrogen and stored at -80oC until required.  

From here on, each time-point was processed individually (groups of 8) and EDTA-free protease 

inhibitor tablets were added to all buffers, excluding the elution buffers (1 per 10 mL; Roche 

completeTM mini). To lyse the samples, the harvested mycelia were resuspended in 750 µL lysis 

buffer (10 mM Tris-HCl pH 8.0, 50 mM NaCl, 10 mg.mL-1 lysozyme) and incubated at 37oC for 

30 minutes. To complete lysis, and fragment the DNA, 750 µL 1x IP buffer (100 mM Tris-HCl pH 

8.0, 250 mM NaCl, 0.5% v/v Triton X-100, 0.1% w/v SDS) was added and mixed with the partially 

digested samples. Samples were sonicated on ice using a Soniprep 150 (MSE) at 50 Hz (8 µm 

amplitude), 20s on and 60s off for 20 cycles, per sample. A 25 µL sample of the resulting crude 

lysates were mixed with 75 µL TE buffer (10 mM Tris-HCl, 1 mM EDTA pH 8.0) and the DNA 

extracted with 100 µL phenol-chloroform. The aqueous top layer was taken and stored as ‘pure 

extract’, of which 25 µL was treated with 2 µL RNase I (1 mg.mL-1) for 30 minutes, at 37oC, and 

run on a 1% agarose gel (see Section 2.12) to visualise DNA fragment sizes. Once fragment size 

was confirmed to be within the desired range, the remaining crude lysate was centrifuged at 

13,000 rpm for 15 minutes to clear the sample of debris.  

A 400 µL volume of magnetic, monoclonal M2 antibody beads (Anti-FLAG® - Sigma-Aldrich®) 

was prepared by two sequential washes in 2 mL 0.5x IP buffer (1x IP diluted 1:1 with dH2O). For 

all bead wash steps, a magnetic field was applied to gather the beads and remove the buffer. 

The magnetic beads were ultimately resuspended in 400 µL 0.5x IP buffer, divided equally 



51. 

between the 8 samples, and incubated at 4oC overnight on a vertical rotor. The beads were 

washed a further four times with 500 µL 0.5x IP buffer for 10 minutes at 4oC, on a vertical rotor.  

To elute immunoprecipitated DNA-protein complexes, 100 µL bead elution buffer (1% SDS, 10 

mM Tris-HCl, 1 mM EDTA, pH 8.0) was added to each sample and incubated at 65oC overnight. 

The elution buffer was removed and an additional 50 µL was added for an additional 5 minutes, 

at 65oC. The final 150 µL eluate was incubated at 55oC for 1.5 h with 2 µL proteinase K (10 

mg.mL-1) and the DNA was extracted with 150 µL phenol-chloroform. The aqueous layer was 

removed and cleaned on a QIAquick® (Qiagen®) DNA column and eluted in 50 µL Qiagen® 

elution buffer (10 mM Tris-HCl, pH 8.5). A 2 µL aliquot was used to measure the concentration 

of DNA, via Qubit, and the remaining volume was snap frozen, and stored at -80oC.  

Duplicate samples for all time-points, generated from the WT control and a single test strain (#1) 

were sent to Novogene for 150 bp paired-end (PE) 20 million read, Illumina sequencing. 

 

2.21.1. Raw ChIP-Seq Data Analysis 

The raw Illumina sequencing data was returned as FASTQ format files, which were 

processed by Dr. Govind Chandra (JIC). A 3000 nt region around the ChIP enrichment peaks 

was used as the background model to arrive at a local enrichment. Associated p-values are 

based on T-tests between replicates of the samples and the corresponding controls. The reads 

were aligned against the reference genome for Streptomyces venezuelae NRRL B-65442 (NCBI 

Accessions NZ_CP018074.1 & NZ_CP018075.1; Gomez-Escribano et al., 2021) and plotted with 

quantitative data as ‘.Bedgraph’ files. A cut-off of at least a log2-fold change (2-fold enrichment) 

with statistical significance (p < 0.05*) within at least one of the tested time-points, was applied 

to the data. Data was visualized using Integrated Genomics Viewer (IGV; Robinson et al., 2011) 

and manually edited with a graphical overlay. 

 

2.21.2. MEME-ChIP Analysis 

In order to identify a potential consensus sequence, MEME-Chip was performed using 

the online meme-suite (https://meme-suite.org/meme/tools/meme-chip). To prepare sequence 

data, 20 bp regions directly under the apex of each significant peak were extended by 240 bp 

bidirectionally to generate 500 bp FASTA files (Group_All.txt; 90 sequences). The ‘atypical 

group’ peaks were excluded from this analysis (see Chapter 5), but no limit was set for the 

distance of a peak to the potentially regulated gene(s). Sequences were run against the 

combined MEME database for Prokaryotic transcription factors binding sites, searching with a 

https://meme-suite.org/meme/tools/meme-chip
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third order background model for three motifs, between 10bp and 15bp, and within a 100 bp 

central region.  

 

2.21.3. Determining Transcriptional Start Sites (TSS) and WblE Consensus Spacing 

Transcriptional start sites (TSSs) for wblE genes highlighted in the WblE ChIP-seq were 

identified using the previously acquired differential (d)RNA-seq timecourse (10, 14, 18, and 24 

h) dataset for S. venezuelae NRRL B-65442 grown in liquid MYM + TE media. The raw data for 

this experiment is available on ArrayExpress under accession number E-MTAB-10690 (Buttner 

et al., 2021). The 50 bp region preceding TSSs, were searched for the consensus sites of WblE, 

as determined by MEME-ChIP (Section 2.21.2), and σ-factor HrdB. The dRNA-seq and ChIP-seq 

data were visualised in parallel in IGV to determine correlation between the ChIP-seq enrichment 

peak and putative consensus sites.  

 

2.22. Surface Plasmon Resonance 

To test the binding of WblE to promoter DNA in vitro, surface plasmon resonance (SPR) 

was performed using the ReDCaT method (Stevenson et al., 2013; Stevenson and Lawson, 

2021). Experiments were performed in collaboration with Dr Rebecca Devine, who was trained 

by Clare Stevenson. All buffers used in SPR were filtered through a 0.22 µm filter. The target 

promoter was fragmented to yield 40 bp segments, overlapping by 15 bp. These sequences 

were ordered as single-stranded DNA oligos (IDT®) with the reverse-orientation oligos carrying 

a 20-nucleotide sequence, complementary to the biotinylated ReDCaT linker (5’ – 

CCTACCCTACGTCCTCCTGC – 3’). A full list of oligonucleotides used for SPR can be found in 

Table A.4. Complementary ssDNA oligonucleotides were diluted to equimolar (100 µM) 

concentrations, in water, and annealed by heating to 90°C and cooling by 0.1 °C s-1 to 4°C, in a 

thermocycler.  

The single-stranded biotinylated ReDCaT DNA-linker (GCAGGAGGACGTAGGGTAGG) was 

annealed on a Streptavidin Sensor Chip SA (CytivaTM) by Dr Clare Stevenson, and docked in a 

Biacore 8K+ SPR System (CytivaTM). The WblE-C6xHis protein was diluted to 1000 nM, 100 nM, 

and 10 nM in standard HBS-EP+ buffer (150 mM NaCl, 3 mM EDTA, 0.05% (v/v) surfactant P20, 

10 mM HEPES, pH 7.4). The MtrA-N6xHis protein was diluted to concentrations of 500 nM, 50 

nM and 5 nM in high salt HBS-EP+ buffer (300 mM NaCl), Runs used the respective HBS-EP+ 

buffer, dH2O, 1 M NaCl and 50 mM NaOH as reagents. The prepared dsDNA promoter fragments 

were captured on the chip by flowing them over the surface for 60 seconds at 10 µl/min.  
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The protein of interest was flowed over the chip at 50 µl/min for 60 seconds, allowing protein to 

bind, followed by another 60 seconds of HBS-EP+ buffer alone to allow the interaction to 

stabilise. The binding response was recorded at both early and late time-points. A final 

‘regeneration’ step was performed using the 1 M NaCl and 50 mM NaOH reagents (60 seconds 

at 10 µl.min-1) to removed protein and DNA from the chip before the next cycle. The level of 

protein binding to the immobilised DNA was measured in arbitrary response units and then 

expressed as a percentage of the theoretical maximum response, Rmax, where 100% 

represents the response expected for the mass of the protein or protein complex, which is 

flowing over the chip and binding to one immobilized dsDNA oligonucleotide. 

 

2.23. Scanning Electron Microscopy 

Scanning electron micrographs were acquired primarily by Dr Kim Findlay but also by 

myself with supervision. S. venezuelae colonies (incubated for 3 to 7 days) were mounted on 

the surface of an aluminum stub with ‘optimal cutting temperature compound’ (Agar Scientific 

Ltd.), plunged into liquid nitrogen slush at approximately -210°C to cryopreserve the material, 

and transferred to the cryo-stage of an Alto 2500 cryotransfer system (Gatan - AMETEK®) 

attached to a FEI Nova NanoSEM 450 (ThermoFisher Scientific®). Residual frost was sublimated 

at -95°C for 4 minutes before the sample was sputter coated with platinum at ≤ -110°C for 2 min. 

The sample was moved onto the main stage of the microscope, maintained at -125°C, and finally 

viewed with 3 kV primary beam energy. 

 

2.24. Heterologous Expression of wblE 

The wblE gene was codon-optimised for E. coli and cloned into a pET28a(+) vector by 

GenscriptTM (Table A.3). The same codon-optimised gene was also cloned into pET29b(+) and 

pCOLAduet1 plasmids, which were transformed into E.coli BL21 λDE3 cells via heat-shock 

(Section 2.5). Strains carrying the expression constructs were sub cultured inoculated into LB 

broth (with Kanamycin) and grown to an OD600 of 0.6. Cultures were induced with 0.1 – 1 mM 

IPTG and incubated at 30oC, 200 rpm, for 50 minutes, then grown for 20 hours at 18 - 20oC, 150 

rpm. For anaerobic purifications, cultures were supplemented with 200 µM ammonium ferric 

citrate and 30 µM methionine before growth at 18oC, to support [4Fe-4S] biogenesis (Crack et 

al., 2014; Kudhair et al., 2017). Cells were pelleted via centrifugation at 4,000 rpm for 30 minutes, 

4oC; the supernatant was discarded and the cell pellet used immediately for purification or snap-

frozen in liquid nitrogen and stored at -80oC.  
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2.25. Protein Purification 

2.25.1 (Anaerobic) Immobilised Nickel Affinity Chromatography  

Buffer A (50 mM Tris, 20 mM Imidazole, 0.3 M NaCl, pH 7.5) and Buffer B (50 mM Tris, 

0.5 M Imidazole, 0.3 M NaCl, pH 7.5) each were purged of oxygen, with pure Nitrogen gas for 

30 minutes and stored in an anaerobic cabinet maintained at 10 ppm O2 overnight, prior to 

purification. The transgenic E. coli cell pellet was thawed and re-suspended in around 20 mL 

Buffer A for every litre of culture used. To which, 1 mL lysozyme (30 mg.ml-1 in Buffer A) was 

added and the solution pipetted to mix. Cells were kept on fresh ice and further lysed via 

sonication at 60% power 1 second ON, 2 seconds OFF for 8 m 20 s. A second, identical 

sonication was performed at 40% power. Cell lysate was ultra-centrifuged for 45 mins at 40,000 

rpm, 4oC, and the clarified supernatant was collected in 50 mL Falcon® tubes and loaded onto 

an ÄKTA prime system, connected to a 5 mL HisTrapTM Column (CytivaTM), and equilibrated in 

Buffer A. Protein was eluted at a 1 mL.min-1 flow rate  over a concentration of 0 - 100% Buffer B, 

programmed at 5%.min-1. Eluent was collected in 2 ml fractions and stored at 0-1 oC, ≤ 10 ppm 

O2.  

 

2.25.2 (Anaerobic) Heparin Resin Chromatography 

Eluent from anaerobic IMAC purification (see section 2.25.1) was manually injected onto 

Midi-PD10 Desalting column (GE Healthcare) and eluted with Buffer C (50 mM Tris, 250 mM 

NaCl, 5% v/v glycerol pH 7.4) at 3 mL.min-1. The protein solution was manually injected onto a 5 

mL HiTrapTM-HP Heparin column attached to an ÄKTA prime system, pre-equilibrated in Buffer 

C and eluted at 1 mL.min-1 over a 0 - 100% gradient (5.0 %.min-1) of Buffer D (50 mM Tris, 850 

mM NaCl, 5% glycerol pH 7.4). Eluant was collected in 2 mL fractions and stored at 0 - 1oC, ≤ 

10 ppm O2. 

 

2.25.3 (Aerobic) Immobilised Nickel Affinity Chromatography  

Aerobic purifications were carried out in a similar fashion to anaerobic purifications with 

several key changes. Notably, Buffers were modified to A1 (10% glycerol, 50 mM Tris, 0.3 M 

NaCl, 20 mM Imidazole, pH 7.55) and B1 (10% Glycerol, 50 mM Tris, 0.3 M NaCl, 0.4 M Imidazole 

pH 7.55). The buffers were filtered and degassed at  4 oC prior to purification. Cell debris was 

separated via centrifugation at 15,000 rpm, 4oC for 45 minutes. The clarified supernatant was 

loaded onto an ÄKTA pure system, connected to a 1 mL HisTrapTM-HP Column (CytivaTM), and 

sequentially washed with 5 column volumes (c.v) 20% 40% and 60% Buffer B1. Finally, bound 

protein was eluted with 100% Buffer B1 onto the ÄKTA loop. 
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2.25.4 (Aerobic) Preparative Gel Filtration  

Analytical gel filtration was performed on a SuperdexTM 75 Increase 10/300 GL column 

(CytivaTM), maintained at 4oC, equilibrated and eluted in Buffer A1 or B1 (Section 2.25.3). The 

mass of eluted proteins was estimated via their elution volume, with reference to a calibration 

curve generated with Aprotinin, Ribonucelase A, Carbonic Anhydrase, Ovalbumin and 

Conalbumin (Dr Sibyl Batey, Figure 2.2). The equations used to convert elution volume to 

approximate molecular weight are shown below; where ‘v.v.’ denotes the column’s void-volume 

(9.09 mL), ‘c.v.’ is the column’s total volume and values for equation (2) are derived from the 

logarithmic gradient of the standard curve (Figure 2.2) and equation (1); see below. Protein 

fractions were analysed by SDS-PAGE (Section 2.31).  

 

 

𝐾 =  
𝐸𝑙𝑢𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 − 𝑣.𝑣𝑣

𝑐.𝑣.  − 𝑣.𝑣.
   (1) 

 

𝑀𝑤 = 𝑒
(

𝐾−2.2406

−0.198
)
                  (2) 
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Figure 2.2. Superdex 75 Increase 10/300 GL calibration curve for the Kav 

(elution volume parameter) against their molecular weights: aprotinin (A – 6.5 

kDa); Ribonuclease A (13.7 kDa - R); Carbonic Anhydrase (C – 29 kDa); 

Ovalbumin (O – 44 kDa) and (Co – 75 kDa) Conalbumin. Standard curve 

gradient and R2 depicted in bottom right of graph. Note the Log2 scale for 

molecular weight. 
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2.26. Spectroscopic Analysis 

2.26.1 UV-Vis Spectroscopy 

UV-Vis Absorbance spectra for WblE were obtained using a JASCO V500 

Spectrophotometer scanning at a rate of 200 nm.min-1, with a 2 nm bandwidth and medium 

response level. Measurements were taken over the range of 260-900 nm, with a sample number 

of 800 and 1 cycle. Automatic baseline correction was enabled. Samples were measured in an 

anaerobically sealed, air-tight cuvette. 

 

2.26.2 Circular Dichroism Spectroscopy 

Circular Dichroism spectra were obtained using a JASCO J810 Spectropolarimeter, 

scanning continuously at 200 nm.min-1, at a sensitivity of 100 mdeg. Spectra obtained for 

wavelength ranges of 280-500 nm (2 nm bandwidth) and 450-900 nm (manual bandwidth; slit 

width set to 120 μm). Five measurements were taken for both ranges and mean results were 

merged at overlapping wavelengths. Samples were in measured in an anaerobically sealed, air-

tight cuvette. 

 

2.27. Determination of Percent [4Fe-4S] Cluster Incorporation 

Cluster incorporation was determined, via the ratio of protein to free iron in denatured 

samples, as calculated by Bradford and Ferene Assays described below. Assays were 

performed using NHis-WblE protein, anaerobically purified via IMAC and Heparin 

chromatography (Sections 2.25.1 – 2.25.2). 

 

2.27.1 Bradford Assay for Protein Concentration 

Heparin purified WblE was used to provide an accurate estimate of cluster incorporation. 

Commercial Bradford assays are adapted from Bradford (1976). A solution of 5x Concentrate 

Bradford dye reagent (BIO-RAD®) was prepared by diluting at a ratio of 1:5 with dH2O. A 1 mg.ml-

1 stock of BSA was diluted to generate a range of five standards, ranging from 0.2 – 1.0 mg.ml-

1. Protein samples were left undiluted. The Bradford reagent was added at a volume of 980 µL 

to 20 µL of each protein solution. Mixtures were left for 5 minutes and then absorbance was 

measured at 595 nm in 1 mL cuvettes. Sample concentration was estimated by comparing 

absorbance to that of the known standards.  
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2.27.2 Ferene Free-Iron Assay  

The Ferene (5,5′(3-(2-pyridyl)-1,2,4-triazine-5,6-diyl)-bis-2-furansulfonate) Free Iron 

Assay provides an estimate of Fe2+ content (Crack et al., 2006). A 20 µL aliquot of the 

samples/controls were heated at 95oC in 100 µL of 21.7% nitric acid (HNO3) and cooled on ice. 

Samples were centrifuged at max speed for 10 seconds, to separate any protein precipitate, 

before 600 µL 7.5% (w/v) ammonium acetate and 100 µL fresh 12.5% ascorbic acid (w/v) were 

added and solutions mixed by inversion. Standard iron solutions (SpectrosoL, VWRTM) were 

prepared in the range of 0–200 µM. A 100 µL aliquot of 10 mM Ferene was added and solutions 

mixed again by inversion. Following 30 minutes incubation at room temperature, absorbance 

was measured at a wavelength of 593 nm.  

 

2.28. Native, Electrospray-Ionisation Time-of-Flight (ESI-) Mass Spectrometry 

ESI-MS Experiments were performed in collaboration with Dr. Melissa Stewart. Heparin-

purified Holo-WblE was exchanged into 250 mM ammonium acetate pH 8.0 using a midi-PD10 

desalting column (GE Healthcare), under anaerobic conditions. Samples were subsequently 

loaded directly into the ESI-source of a Bruker micrOTOF-QIII mass spectrometer operating in 

the positive ion mode, using a gas-tight 500 μL syringe (Hamilton) and a flow rate of 0.3 mL.hr-

1. The oTOF Control software was used to set the dry gas temperature at the source as 180 oC, 

with a gas flow rate of 4 L.min−1 and nebulizer gas pressure of 0.8 Bar. The source capillary 

voltage was set at 4500 V, with an offset of -500 V. The Quadrupole was set at an ion energy at 

5 eV, a collision cell radio frequency of 650 Vpp, and a collision cell energy of 10 eV. Processing 

and analysis of MS experimental data was carried out using Compass DataAnalysis version 4.1 

(Bruker Daltonik, Bremen, Germany) and m/z spectra were deconvoluted for masses ranging 

between 9,000 - 15,000 Da using the ESI Compass Maximum Entropy deconvolution algorithm 

(version 1.3). Exact masses (< ±1 Da) are reported from peak centres representing the isotope 

average neutral mass.  

 

2.29. Denaturing Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Resolving gels were prepared to a concentration of 16-20% (w/v) Acrylamide:Bis-

Acrylamide (37.5:1 Fisher Bioreagents), following the recipe in Table 2.5 and cast using a BIO-

RAD® Mini-PROTEAN® Tetra gel system with 1 mm glass spacer plates and polymerised at 

room temperature. A short stacking gel (Table 2.5) was cast atop the resolving gel, and a 1 mm 

comb used to set the lanes. Gels were submerged in TGS Buffer (25 mM Tris HCl pH 8.3, 192 

mM Glycine, 1% SDS v/v) and run at 200 V for 1 hr, then 100 V until finished. Occasionally, 

commercial 12% Tris-Tricine Gels were used (Abcam®), which were run at 150 V for 1.5 hr. Gels 
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were incubated at room temperature in Coomassie instant blue stain for 2 hr and left to de-stain 

in dH2O overnight. 

 

 

 

 

 

 

 

 

 

 

 

2.29.1 SDS-PAGE M2 Anti-FLAG Western Blots 

 Colonies of S. venezuelae Δ24255CF (see Appended table A.5) were grown on MYM 

agar (+ 1:500 TE + Hygromycin) for around 40 hours and resuspened in 100 µL 2x NuPAGE 

LDS loading buffer, without additives, and boiled at 100oC for 15 minutes. Samples were 

centrifuged at 13,000rpm for 15 minutes and 20 µL aliquots of the denatured samples were 

run on SDS-PAGE gels as specified in the previous section (see Table 2.5).  

Four layers of blotting paper were soaked in transfer buffer (25 mM Tris HCl, 192 mM 

glycine, 0.1% w/v SDS, 20% v/v methanol, pH 8.0) for 5 minutes and placed on the anode 

and cathode plates of a Trans-blot® Turbo (BIO-RAD®). A PVDF membrane (BIO-RAD® - 0.2 

µm pore size) was soaked in 100% methanol for 1 minute, then transfer buffer for 5 minutes. 

The membrane was placed atop the blotting paper on the anode plate and the SDS-PAGE 

gel was sandwich between this and those on the cathode plate. Air bubbles were gently 

rolled out. The blot was run using the mini-midi standard setting (SD, 25 V, 1A, 30 min). 

The membrane was subsequently incubated in Blocking solution (5% w/v fat-free skimmed 

milk powder in TBST) for 2 hours. The membrane was then incubated in 20 mL M2 Anti-

FLAG solution, prepared 1:20,000 in TBST (20 mM Tris HCl, 150 mM NaCl, pH 8.0). 

Table 2.5. SDS-PAGE gel recipe 

Component Resolving Gel  

(16%)  

Stacking Gel  

(6.5%) 

dH2O 3.4 mL 2.7 mL 

1.5 M Tris pH 8.8  2.5 mL - 

1 M Tris pH 6.8 - 0.5 mL 

40% acrylamide 4.0 mL 0.6 mL 

10% SDS 50.0 µL 20 µL 

10% APS 100 µL 40 µL 

TEMED 10 µL 4 µL 

Total 10.06 mL 3.86 mL 
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Membrane was washed with TBST thrice for 1 minute. Excess TBST was disposed and 

Solution A (0.02% H2O2 in Tris HCl, pH 8.0) and Solution B (0.1% Luminal v/v, 0.005% v/v 

coumaric acid in Tris HCl, pH 8.0) were mixed directly on the membrane. After incubation 

for 2 minutes with gentle agitation, the chemiluminescence was detected using an 

ImageQuantTM LAS 500 (GE Healthcare UK Limited). 

 

2.30. WblE Co-Immunoprecipitation, Mass Spectrometry (CoIP-MS) 

Co-immunoprecipitation of WblE was carried out in technical triplicate between wild-

type S. venezuelae NRRL-B65442 and three independently generated S. venezuelae Δ24255CF 

(or CFLAG) strains (#1 - #3). The preparation of samples was performed using the same method 

previously described for WblE chromatin-immunoprecipitation but with only 8 cycles of 

sonication. At the point of sample elution, 30 μL of 1x modified Laemmli SDS loading dye (62.5 

mM Tris-HCl pH 6.8, 0.05% w/v bromophenol blue, 2.5% w/v SDS, 11.25% v/v glycerol, 2.5% 

v/v β-mercaptoethanol) was added to each sample, which were placed in an oven, pre-heated 

to 100oC, for 6 minutes. Samples were briefly centrifuged at 1,000 rpm and the solution loaded 

onto a 10% SDS-PAGE resolving with no stacking layer (Table 2.5).  

Samples were electrophoresed at 150V for 6 minutes. The gel-casing and wells were washed 

thoroughly with tap-water. Each sample well was excised down to the dye front and stored at -

20oC overnight prior to washing. To prepare the cross-linked proteins for MS analysis, each were 

subject to a series of washes. Samples were twice statically incubated at 65oC, in 1 mL fresh 

30% ethanol for 30 minutes to bleach gel-slices of bromophenol blue. Bleached slices were 

subsequently washed with TEAB-ACN (50 mM TEAB in 50% acetonitrile) for 20 minutes on a 

VXR vortexer (IKA®, max rpm) followed by a static wash in DTT-TEAB (10 mM DTT, 50 mM 

TEAB), for 30 mins at 55oC. Samples were alkylated via the addition of IAA-TEAB (30 mM 

iodoacetamide, 50 mM TEAB), and incubated at RT for 30 minutes in the dark, on a vortexer 

(max rpm). The IAA-TEAB solution was removed and the samples washed in the same way for 

a further 20 minutes in TEAB solution. This was then repeated with TEAB-ACN for 20 minutes.  

The buffer was removed and the slice volume (mm3) was estimated, before being divided into 

approximate 1 x 1 mm3 segments and transferred to a LoBind® microcentrifuge tube. The 

samples were washed for 20 minutes in TEAB-ACN on a vortex (max rpm), subsequently 

repeated with 100% ACN instead. A < 1 mm diameter hole was pierced in the lid, and samples 

dried with a gene-vac, running the ‘low boiling point’ program for 30 minutes. The final, prepared 

samples were submitted for mass spectrometric analysis.  
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2.30.1 SAINT Analysis for Affinity Mass Spec 

The co-immunoprecipitation data was processed with the SAINTexpress pipeline (Teo et al., 

2014) by Dr Carlo Martins and Dr Gerhard Saalbach (John Innes Centre). The fold-change and 

BFDR outputs were reported to two decimal places.  

 

2.30.2 Building in silico Interaction Networks 

A cut-off of ≤ 0.1 BFDR and at least a three-fold enrichment was set for in silico network 

building. The current StringDB (2022/23) SVEN_ (peripheral) network was used to provide a 

‘skeleton’ physical interaction network, which was manually expanded in CytoscapeTM, using 

relevant literature searches and comparisons made with the better-annotated ‘SCO’ (S. 

coelicolor A3(2)) and ‘Rv’ (M. tuberculosis H37Rv) networks.  

 

2.30.3 SignalP6.0 Analysis of Secretion Signal Peptides 

To identify known signal peptides SignalP6.0 analysis (Teufel et al., 2022) was performed 

on the DTU Health Tech Webserver (https://services.healthtech.dtu.dk/services/SignalP-6.0/), 

against a complete list of translated coding sequences from the Streptomyces venezuelae 

NRRL-B65442 genome. This was compared to the WblE CoIP-MS results and the percentage of 

secreted proteins was calculated. 

 

2.31. Bacterial Two-Hybrid  

The bacterial two-hybrid assay was performed by co-transforming E. coli strain BTH101 

with pUT18/pUT18C (T18 domain fusion) vectors proteins together with pKT25/pKNT25 vectors 

encoding relevant T25 domain fusion proteins. Transformant strains were grown with LB broth 

and medium that omitted glucose. The 5x M63 broth was diluted in WA (Table 2.2) and 

supplemented with the antibiotics ampicillin and kanamycin to select for the two plasmids, and 

with 40 μg/ml X-gal to allow for visualisation of a positive interaction through the activity β-

galactosidase (blue stain). The medium also contained a final concentration of 0.5 mM IPTG to 

induced expression of the fusion protein from the lac promoter. Starter cultures were grown in 

LB broth (no glucose) to 0.40 OD600 and 500 µL was pelleted at 13,000 rpm for 1 min and washed 

twice in 250 µL 1x M63 (diluted in dH2O), cells were subsequently plated as 3 µL aliquots of the 

final mixture. Alternatively, co-transformed BTH101 strains were spread directly from a frozen 

stock. The plates were imaged at growth after 1, 2 and 3 days at 30oC or at 3 and 5 days at 22oC.  

 

https://services.healthtech.dtu.dk/services/SignalP-6.0/
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2.32. BLASTp Analysis and Alignments 

2.32.1. Standard BLASTp and Pairwise Sequence Alignment  

Standard BLASTp searches were performed using the NCBI web-portal 

(https://blast.ncbi.nlm.nih.gov/). Pairwise alignment of amino acid sequences were carried out 

with EMBL-EBI’s EMBOSS Needle program (https://www.ebi.ac.uk/Tools/psa/).  

 

2.32.2. Reciprocal (and Recursive-Reciprocal) BLASTp Analyses 

Reciprocal (r-), and recursive reciprocal (rr-), BLASTp searches were performed by Dr 

Govind Chandra (JIC), whereby the 14 Wbl proteins of S. coelicolor A3(2) were used as input 

queries against an up-to-date library of 7,941 Actinobacterial genomes. A loose e-value cut-off 

of ≤ 0.1 was applied. 

 

2.32.3. Flanking Genes (FlaGs) Analysis 

Synteny describes the co-localisation and co-linearity of genetic loci within an 

organism’s genome. Conserved, or shared, synteny between organisms can be a strong 

indicator for a functional relationship among genes, especially when observed over long 

evolutionary periods (Overbeek et al., 1999; Gabaldón et al., 2004). This can be useful for 

inferring putative gene functions in the absence of prior knowledge. In order to determine 

conserved synteny in the wblE gene neighbourhood, analysis was performed using the Web-

FlaGs (Flanking Genes) tool (https://server.atkinson-lab.com/webflags; Saha et al., 2020) which 

provides a web-based analysis of predicted orthologous neighbourhoods to assess synteny. The 

WblE (WhiB1) protein sequences from model actinomycetes C. glutamicum ATCC 13032 

(Kyowa Hakko), M. tuberculosis H37Rv, B. longum NCC 2705 and S. venezuelae, were 

individually submitted to WebFlaGs, and the BLASTp function was enabled to automatically 

generate a broader dataset of 30 related homologues for each genus. In an attempt to limit the 

identification of highly similar WblE paralogues, a strict E-value (E = 1x10-20) cut-off was used. 

Otherwise, the WebFlaGs analysis was carried out under the default settings. 

 

2.33. General Graphs and Figures 

Generally, graphs were generated with GraphPad Prism v9 (by Dotmatics), or Excel®. 

Arrangement of photographs and to-scale graphical overlays (ChIP-seq) were achieved in 

Powerpoint®.  

 

https://blast.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/Tools/psa/
https://server.atkinson-lab.com/webflags
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2.34. ReDirect Recombination  

ReDirect λ-Red mediated recombination was carried out by Dr Neil Holmes. Primer pairs 

HNA397 – HNA398 and HNA397 – HNA185 were used to confirm the presence of the native 

wblE locus and wblE::aac(3)IV locus respectively. 

 

2.35. Macroscopic Imaging of Colonies 

Plate images were taken as scans using an ‘EPSON® Perfection V600 Photo’ (Seiko Epson® 

Corp, Suwa, Nagano, Japan) scanner at 600 DPI resolution. Macroscopic 4K images taken for 

S. venezuelae NRRL B-65442 and mutant strains were taken at a distance of 15 cm from the 

plate with a ‘DMC-LX15’ 4K camera (Panasonic® Corp, Kodama, Osaka, Japan).  
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Chapter 3. 

Purification and Biochemical Characterisation  

of the WblE Protein 

 

3.1. Introduction 

The small WhiB-like proteins ligate iron-sulphur clusters via their conserved 

arrangement of four cysteine residues (Cys-Xn-Cys-X2-Cys-X5-Cys). Several Wbl proteins 

encoded by M. tuberculosis and S. coelicolor were originally purified with [2Fe-2S] clusters, 

however following anaerobic reconstitution could bind [4Fe-4S] clusters (Jakimowicz et al., 

2005; Singh et al., 2007; Alam et al., 2007 and 2009; Crack et al., 2010). It is thought that holo-

Wbl proteins primarily ligate a [4Fe-4S] cluster in vivo, which is reinforced by the cryo-EM 

structures of WhiB(A) and WhiB7, which resolve a [4Fe-4S] cluster in the σHrdB/σA transcriptional 

complex (Lilic et al., 2021; 2023). Additional characteristics such as the formation of multimers 

is common but not universally conserved across the family (Chawla et al., 2018; Stewart et al., 

2020). Nevertheless, no work has tested whether these characteristics are retained by the 

Streptomyces WblE protein. This chapter outlines the purification and in vitro characterisation 

of S. venezuelae holo-WblE and its iron-sulphur cluster, in addition to preliminary investigations 

into apo-WblE and the formation of WblE multimers. 

 

3.2. Heterologous Expression of WblE in E. coli BL21 (DE3) 

In general, N-terminal tags have worked well for the in vitro analysis of Wbl-proteins 

(Smith et al., 2010; Stewart et al., 2020). As such, the S. venezuelae wblE gene was codon 

optimised and cloned by Genscript into the multiple cloning site (MCS) of NdeI and HindIII 

digested pET28a(+) such that the optional N-terminal 6xHis-tag was incorporated, with a 

thrombin cleavable linker (HHHHHHSSGLVPRGSH-WblE, 101 aa); the theoretical molecular 

weight of the recombinant WblE-N6xHis peptide was 11,676 Da (g/mol). The pET28a(+)-NWblE 

plasmid was subsequently transformed into chemically competent E. coli BL21 DE3 (strain 

BL21-NWblE). To test expression an initial 10 mL test culture was induced with 0.4 mM IPTG for 

30 minutes at an OD600 of 0.60. Whole cell extracts of this culture were loaded onto a denaturing 

SDS-PAGE gel which resolved a broad band at a position corresponding closely to the predicted 

weight (~12 kDa), indicating successful expression (Figure 3.1). For large scale purification, the 

culture volume of BL21-NWblE was increased to 4 L and supplemented with 250 μM ammonium 

ferric citrate and 50 μM methionine to support long-term extensive iron-sulphur biogenesis. It is 
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believed that ammonium ferric citrate provides a soluble and non-toxic source of iron ions 

whereas methionine provides a source of sulphur and supports cysteine biosynthesis by 

saturating its biosynthetic pathways with precursors whilst avoiding cysteine-toxicity (Crack et 

al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Anaerobic Purification and Analysis of Holo-WblE 

3.3.1. Anaerobic Immobilised Nickel Affinity Chromotography. 

The [4Fe-4S] ligating monomers of Wbl proteins are notoriously sensitive to oxygen and 

many degrade upon contact with air. As such, in order to circumvent oxygen-mediated 

degradation of the cluster, purification and subsequent storage of WblE was carried out in an 

anaerobic cabinet maintained at  10 ppm O2. Cell pellets were harvested from 4 litres of BL21-

NWblE culture and resuspended in 80 mL Buffer A, lysed extensively on ice and the crude lysate 

was clarified by ultracentrifugation (Section 2.25.1). The supernatant was loaded onto a 

HisTrapTM-HP column connected to an ÄKTA prime and eluted over a linear gradient of Buffer B 

into 2 mL fractions. The 280 nm absorbance profile of the eluent was tracked during elution 

(Figure 3.2.a) and three distinct absorbance peaks were clearly observed during this process. 

Figure 3.1. 20% SDS-PAGE of whole-cell 

extracts from 10mL E.coli BL21 6xNHis-WblE 

culture that was (i) induced with 0.4mM IPTG 

for 1 hour; or (u) uninduced. Run for 1 hour at 

200V. 
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The six fractions which spanned these peaks (F7-12), were collected and an undiluted 6 μL 

aliquot of each fraction was loaded on to a 20% SDS-PAGE gel in loading dye and run for 200 

V for 1 hr and then 100 V for 1 hr. The primary species collected in solution was visually 

confirmed as a 12 kDa protein, close to the predicted molecular weight for WblE-N6xHis (11,676 

Da). 

Typically, the first peak eluted represents histidine rich or nickel chelating proteins that bind non-

specifically to the column and represent the bulk of non-specifically binding protein 

contaminants; this corresponded with F6 and F7. The subsequent fractions spanning the second 

peak eluted with a deep orange-yellow or ‘straw’ colour which was indicative of a bound [4Fe-

4S] cluster (F8 & F9, Figure 3.2). In contrast, later fractions would elute with a pale-pink hue, 

possibly indicating a mixture of [4Fe-4S] and [2Fe-2S] cluster species (F11 & F12, Figure 1.A). 

A significant amount of a red-brown species seemed to precipitate on the HisTrap column. It 

seems likely that this was [2Fe-2S] WblE and would explain the seemingly incomplete elution of 

a red species into fractions spanning the third peak in the elution profile (F11 and F12). Fractions 

F8 and F11 best demonstrated these characteristics visually and are shown in Figure 3.2. 

 

3.3.2. Detection of Potential Fe-S Clusters by UV-Vis Spectroscopy 

As purified WblE-N6xHis exhibited a straw-yellow colour in solution, consistent with the 

presence of a [4Fe-4S] cluster. Clusters of this variety tend to exhibit characteristic absorbance 

peaks at 410 nm, and sometimes 320 nm, when measured by UV-Vis spectroscopy; in contrast, 

[2Fe-2S] species tend to present a range of broad shoulders at 320 nm, 460 nm and 550 nm 

wavelengths. Fraction 8 exhibited dominant peaks at 320 nm and 410 nm, where absorbance at 

410 nm comprised the dominant peak, indicative of a [4Fe-4S] species in solution. Fraction 11 

on the other hand, presented shoulders at 320, 410, 460 and 550 nm, that were indicative of a 

[2Fe-2S] species in a mixture with a [4Fe-4S] species. At this point, the shared peak at 320 nm 

between F8 and F11 was considered most likely to originated from [2Fe-2S] WblE that was 

contaminating the [4Fe-4S] WblE sample.  
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F8 

F11 

Sample 

Figure 3.2. (a) AKTA UV (280 nm) absorbance trace for WblE-6xNHis elution. Protein was 

eluted at a rate of 1 mL. min
-1
, over a 0 - 100% gradient of Buffer B (red line) into 2 mL 

fractions – the elution period (min) marked such that it also corresponds to  these fractions. 

Three absorbance peaks were obtained (numbered 1-3 by order of elution). (b) 20% SDS-

PAGE gel of His-Trap Eluted Fractions (F7-12), suspected to contain WblE-N6xHis SDS-

PAGE. Visual appearance of Fraction 8 and 11 before denaturation shown on the right and 

labelled.  

(a) 

(b) 
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3.3.3. Heparin (Cation Exchange) Chromatography of WblE 

HisTrapTM purified Fractions 8 - 10 were ultimately pooled (6 mL) for heparin 

chromatography and salt-exchanged into Buffer C (50 mM Tris, 250 mM NaCl, 5% glycerol pH 

7.4) and manually injected onto a HiTrapTM-HP 1mL Column. Heparin is a highly sulphated 

glycosaminoglycan that can simulate the polyanionic structure of DNA. As such, in the 

purification of DNA-binding proteins it is a form of cation exchange chromatography which 

separates proteins based on positive surface charges which often dominate within DNA binding 

domains. It was therefore hypothesised that a HiTrapTM-HP heparin column (CytivaTM) could help 

further fractionate Holo-WblE protein from any contaminants by targeting the positive residues 

in its putative DNA-binding domain. 

Adsorption of proteins onto Heparin columns was reversed by an increase in ionic strength of 

the buffer, eluting over a linear gradient of 0 – 100% Buffer D (50 mM Tris, 850 mM NaCl, 5% 

v/v glycerol, pH 7.4). Holo-WblE, appeared to elute late within a single 2 mL fraction (F9 - 790 

mM NaCl) as assessed by its characteristic straw-yellow fraction colour. Intriguingly, several 

other species of WblE were eluted at lower concentrations (70 - 80%) of Buffer D (Figure 3.4). 

Fraction 8 exhibited a seemingly truncated form of WblE (- 1 kDa). Later experiments 
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Figure 3.3. UV-Vis Spectroscopic analysis of fraction 8 (black line) and fraction 11 (grey 

line), acquired by anaerobic His-trap purification of WblE-6xNHis from BL21-NWblE cell 

lysate. Arrows mark key spectroscopic features of F8 and F11 at ~ 325, 410, 460 and 560 

nm that are characteristic of [2Fe-2S] (blue) and [4Fe-4S] (orange) clusters. Arrows marked 

above represent peaks visible in both spectra, arrows marked below are present only in F11. 

UV-Vis spectroscopic analysis was carried out in 60% Buffer B. 
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demonstrate that this smaller species is in fact an oxidised (disulphide-bonded) form of apo-

WblE (Section 3.4.2). Fraction 7 was colourless, and hence seemingly contained only reduced, 

apo-WblE. 

UV-Vis spectroscopy demonstrated that the straw-yellow fraction F9 maintains a dominant peak 

at 410 nm providing evidence for the retainment of the [4Fe-4S] cluster. Curiously, no evidence 

of the pink, [2Fe-2S]-associated pigment was visually discernible in any fraction or the 

flowthrough. Nevertheless, a shoulder at ~ 320 nm suggested that a portion may elute at a similar 

salt concentration to [4Fe-4S] WblE. However, it cannot be ruled out that buffer exchange 

caused a loss of the [2Fe-2S] species, which was clearly unstable (Section 3.3.1). In the 

preparation of some [4Fe-4S] proteins, a second peak can appear at around 310 - 330 nm which 

better resembles a shoulder and represents a high energy ligand-to-metal (thiolate to iron) 

charge-transfer which could also account for this feature observed in Buffer C (Jordan et al., 

2021; Figure 3.5.a).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. 20% SDS-PAGE gel of Hi-Trap Heparin purified WblE-6xNHis Column Eluted 

Fractions; (L) PageRuler Plus protein weight marker (molecular weights shown in kDa); 

(1-9) Fractions 1-9 eluted along a linear gradient (0-100%) of Buffer D. Fraction 7  
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3.3.4. Estimating Cluster Incorporation in Purified Samples 

The 2 mL fraction obtained following Heparin purification maintained a straw-yellow 

colour, and UV-vis spectroscopy indicated that it indeed retains a [4Fe-4S] cluster. To confirm 

these observations and determine the maximum theoretical incorporation of [4Fe-4S] into the 

WblE protein, a Ferene free iron assay was carried out in tandem with Bradford assays, as 

described in Section 2.27, to determine the ratio of iron atoms to WblE monomers. The 

concentration of apo-WblE monomers in solution was calculated to be 0.66 mg. mL-1 or 55.69 

μM; and the concentration of free iron was calculated to be at concentration of 87.88 μM. Hence, 

determining a maximum incorporation of 21.97 μM [4Fe-4S] in the purified sample (39.4%).  

 

3.3.5. Circular Dichroism Spectroscopy of Holo-WblE 

Circular Dichroism (CD) is a UV-Vis spectroscopic technique which quantifies the 

differential absorption of left- and right-handed, circularly polarized light. Optically active chiral 

molecules will preferentially absorb one direction of the circularly polarized light, this includes 

the asymmetric arrangement of transition metal centres such as [4Fe-4S] clusters. Wavelengths 

between 350 and 700 nm are often used for monitoring prosthetic groups within proteins (Kelly 

et al., 2005).  

The WblE holoprotein solution was scanned between wavelengths 250 and 850 nm, to further 

characterise the structure of WblE and the cluster environment (Section 2.26.2); reported here 

between 300 - 800 nm (Figure 3.5.b). The resulting spectrum exhibited spectral features similar 

to those of WhiB1 from M. tuberculosis (Smith et al., 2010) with positive features at 430 nm and 

525 nm, a negative sweep between 300 and 400 nm and a subtle but unique feature at 775 nm 

(Figure 3.5.b). Similar CD spectra have also been obtained for WhiD from S. coelicolor and S. 

venezuelae (Crack et al., 2009; Stewart et al., 2020), highlighting similarities in the local iron-

sulphur cluster environment between Wbl proteins. 
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Figure 3.5. (a) Post-Heparin-chromatography, UV-Vis spectroscopic analysis. The orange arrow 

highlights the characteristic 410 nm [4Fe-4S] absorption peak, the blue arrow highlights retained 310-

340nm shoulder. (b) Circular Dichroism (CD) Spectroscopic Analysis of 55.7 µM Holo-WblE-6xNHis as 

purified in this work (39.4%; 21.97 µM [4Fe-4S]), compared against that of 250 µM reconstituted Holo-

WhiB1 (78.4%; 196 µM [4Fe-4S] - Smith et al., 2010), illustrating similar key spectroscopic features. 

UV-Vis and CD spectroscopic analyses were carried out in Buffer C.  
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3.3.6. Non-denaturing ESI – MS: WblE binds a [4Fe-4S]2+ Cluster 

Using a salt-exchange column, Holo-WblE was transferred into ammonium acetate pH 

8.0, a volatile electrolyte with weak buffering properties that can mimic the solvation properties 

of proteins under physiological conditions during native ESI-MS (Section 2.28; Konermann, 

2017). Non-denaturing electrospray ionisation time-of-flight (ESI-)MS retains noncovalently 

bound cofactors upon ionization and can measure mass within ±1 Da; as such, it has been shown 

to be an effective method for studying the nature of the cluster in iron-sulphur proteins (Crack 

et al., 2015 & 2017; Martinez et al., 2017; Crack & Le Brun, 2019; Stewart et al., 2020).    

The theoretical molecular weight for WblE-N6xHis ligating a [4Fe-4S] cluster is 12,027.64 Da, 

yet deconvolution of the m/z spectrum produced by ESI-MS revealed a major peak at 12,025.60 

Da; this deviation of -2.04 Da can be attributed to a [4Fe-4S] cluster in its 2+ charge state, where 

the loss of two protons (H+) accompanies the loss of two electrons (e–) and produces the 

observable difference in mass (Figure 3.6). The second major peak observed at +178 Da from 

the expected mass of WblE-6xNHis [4Fe-4S]2+ likely arose from α-N-6-phosphogluconoylation, 

a spontaneous post-translational modification that occurs on the polyhistidine-tags of some 

fusion proteins, expressed in E. coli; this modification yields an excess mass of + 258 Da or + 

178 Da, the latter of which was observed at 12,204.2 Da, including the weight of the charged 

holoprotein (Figure 3.6; Geoghegan et al., 1999). Several peaks were observed at masses that 

were 36, 72, and 90 Da in excess of that of [4Fe-4S]2+ WblE. These likely originated from water 

cluster [M + 18.01057], potentially in mixed clusters with ammonium (NH4
+) ions [M + 18.03382] 

that originate from the mobile phase (250 mM ammonium acetate pH 8.0) and can incrementally 

add weight to the primary analyte (König & Fales, 1998; Keller et al., 2008; Figure 3.6). 

A small peak observed at 11,672 Da, corresponded to the weight of the tagged apoprotein with 

all four cysteines participating in disulphide bridges (- 4H+; 4 Da). Several peaks of varying 

intensity at n(+32) Da from the apoprotein peak are likely sulphur adducts, present as a result of 

damaged clusters prior to or during ESI-MS. Another miniscule peak at a weight associated with 

the apo-protein +178 Da was best associated with α-N-6-phosphogluconoylation of Apo-WblE. 

This is similar, but distinct from, the weight of WblE binding a [2Fe-2S]2+ (+174 Da) or [2Fe-2S]1+ 

(+175 Da) cluster, for which no peaks could be associated.   
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Figure 3.6. Deconvoluted ESI-TOF Mass Spectrum for 55.7 µM Holo-WblE-6xNHis (39.4%; 21.97 µM 

[4Fe-4S]). Peak centres represent masses within ±1 Da accuracy. The primary species detected by 

ESI-MS matched the weight of WblE-6xNHis, with a [4Fe-4S] cluster bound in its 2+ charge state 

(WblE-N6xHis [4Fe-4S]
2+

). Peaks matching the weight of Apo-WblE (Apo S-S), the +178 Da α-N-6-

phosphogluconoylation (Geoghegan et al., 1989) post-translation modification of Holo-WblE (PTM), 

and various adducts are also highlighted. WblE-N6xHis was exchanged into 250 mM ammonium 

acetate for ESI-MS analysis,  
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3.4. Comparative Aerobic Purification of WblE-C6xHis and WblE-N6xHis 

There was curiosity about the effect, if any, of N-terminally tagging Wbl-proteins as C-

terminal tags have not been employed, at least within the available literature. The codon 

optimised sequence for wblE (Genscript) was cloned by GeneWizTM into the NdeI-XhoI site of 

pET29b(+) such that it incorporated a C-terminal 6xHis-tag with a short custom linker (WblE-

KLLPRGSLEHHHHHH), generating the pET29b-CWblE plasmid. The theoretical molecular 

weight for the product was 11460.94 Da (around 200 Da smaller than the WblE-N6xHis). 

Purification buffers were modified to have a slightly more alkaline pH (7.55) and increased (10%) 

glycerol content. Cell pellets from 1 L E. coli BL21 DE3 culture, expressing either transgenic 

protein, were purified in tandem via Ni-IMAC and subsequent preparative gel-filtration (Sections 

2.25.3 - 2.25.4). Aerobically purified WblE retained a straw-yellow colour, indicative of a bound 

[4Fe-4S] cluster, which was lost gradually over 24 hours following exposure to air (not shown).  

 

3.4.1. Apo-WblE Forms Multimeric Species in vitro. 

Using a calibration curve, it was possible to predict the molecular weights of gel-filtrated 

proteins based on the elution volume (Section 2.25.4). Peaks one and two were consistent over 

both tagged forms of WblE and corresponded to the weight of a WblE monomers and dimers 

(11 kDa and 22 kDa respectively). The two 2 mL fractions directly under each peak were 

analysed by SDS-PAGE and showed faint bands corresponding to dimeric species. Intriguingly, 

WblE-N6xHis appeared less capable of forming dimers under these conditions and, moreover, 

WblE-C6xHis oligomers exhibited additional bands which could not be definitively explained 

(Figure 3.7.b). The purification was repeated for WblE-C6xHis from 3L of E. coli BL21 DE3 but 

samples were gel-filtrated in a low imidazole buffer (Section 2.25.4). Curiously, when analyzed 

by SDS-PAGE (Figure 3.7.c), in the absence of any reducing agent, fractions corresponding to 

monomers appeared to possess multiple additional multimeric species up to tetramers, and 

dimeric fractions had regenerated monomeric species, illustrating a dynamic characteristic to 

WblE oligomerisation.  

A predicted 70 kDa species was observed for WbE-N6xHis which was attributed to the E. coli 

RNA polymerase primary sigma factor RpoD (σ70) but this was not tested further. This peak only 

appeared for WblE-C6xHis purified from larger culture volumes (not shown). 
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(c) 

Figure 3.7. (a) Comparative preparative gel-filtration elution profile (280 nm absorbance) for WblE-N6xHis and 

WblE-C6xHis; WblE-C6xHis and WblE-N6xHis samples are represented by black or orange text/lines/markers, 

respectively. (b) Non-reducing SDS-PAGE gel of gel-filtrated fractions spanning peaks 1 and 2, suspected to 

contain WblE monomers and dimers. (c) Gel-filtrated WblE-C6xHis samples from larger culture volume, eluted in 

low imidazole Buffer A1. Samples were run against the NEB® Broad Range, Color Prestained Protein Standard 

(10 - 250 kDa); note that the 17 kDa standard had degraded to a ~12 - 13 kDa species and that the 10 kDa marker 

ran with the dye front.  
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3.4.2. WblE Forms Intramolecular Disulphides 

The monomeric N- and C-terminally tagged fractions which were isolated during gel-

filtration were respectively pooled. Aliquots of the proteins were denatured at 70oC in the 

presence of 0 mM, 1 mM, 5 mM H2O2 or a 1:1 mixture of 5 mM H2O2 and DTT (Figure 3.8). In 

fractions containing H2O2 and DTT a visible shift was observed on the gel indicating that under 

aerobic/oxidative conditions WblE forms intramolecular disulphide bonds and these can be 

reduced by DTT. Moreover, the addition of DTT seemed to enable increased formation of 

dimers, in both WblE samples, suggesting that the multimeric forms of WblE are dependent on 

intermolecular cysteine disulphides. Nevertheless, the N-terminally tagged species seemed less 

capable of forming multimers, as observed previously. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WblE (S-S) 

Figure 3.8. Size excluded monomeric WblE-N6xHis and WblE-C6xHis samples exposed to 

increasing concentrations (0, 1, 5 mM) of H2O2 and a final 1:1 mix of 5 mM DTT and H2O2, at 70oC 

for 10 minutes. WblE-C6xHis and WblE-N6xHis samples are represented by black or orange 

text/lines/markers, respectively. Samples were run against the NEB
®
 Broad Range, Color 

Prestained Protein Standard (10 - 250 kDa); note that the 17 kDa standard had degraded to a ~12 

kDa species and that the 10kDa marker ran with the dye front.  
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3.5. Discussion 

The Wbl family of proteins are typified by their ability to bind [4Fe-4S] clusters via a 

conserved arrangement of four cysteine residues (CXnCX2CX5C). The presence of this motif in 

WblE suggests that this protein also ligates a [4Fe-4S] cluster, although empirical evidence for 

this was previously lacking. Consistent with the presence of a [4Fe-4S] cluster, WblE purified 

with a straw-yellow colour in solution, and UV-Visible absorbance spectra of exhibited a distinct 

absorbance peak at 410 nm. Furthermore, WblE CD spectra disclosed similar spectral features 

reported for the orthologous WhiB1 and WhiD proteins ligating a [4Fe-4S] cluster, suggesting 

that the cofactor is bound by WblE in a similar protein environment (Smith et al., 2010). 

Ultimately, it was established via non-denaturing ESI-MS that a [4Fe-4S] cluster with an overall 

charge of +2 is bound by a WblE monomer.  

With the exception of S. venezuelae WhiD, which exists in a unique monomer-dimer equilibrium, 

other studied [4Fe-4S] holo-Wbl proteins have also presented exclusively as monomers 

following purification. Notably, WhiD, WhiB3 and the orthologous WhiB1 [4Fe-4S] clusters also 

purify in their +2 charge states and can undergo a single electron reduction to +1 (Jakimowicz 

et al., 2005; Singh et al., 2007; Crack et al., 2009; Smith, 2012; Stewart et al., 2020). The 

functional importance of this redox cycle is unclear and was not investigated for WblE in this 

work but could be explored in vitro via electron paramagnetic resonance (EPR) spectroscopy, 

in the future.  

Prior to anaerobic heparin chromatography, UV-visible absorbance spectra presented additional 

spectral features at 460 and 550 nm which accompanied a pink hue in solution, indicating that 

WblE may also incorporate a [2Fe-2S] cluster (Figure 3.2.b and Figure 3.3). This is consistent 

with early observations for aerobically purified WhiB-like proteins of M. tuberculosis and 

Streptomyces spp. which were isolated as highly unstable [2Fe-2S] holo-proteins, prone to 

precipitation (Alam et al., 2007 & 2009; Jakimowicz et al., 2005; Singh et al., 2007). The [2Fe-

2S] forms of Wbl proteins are, nonetheless, widely believed to be physiologically 

inconsequential, instead arising as artifacts of transient oxygen exposure during expression in a 

host lacking the native cluster chaperone machinery. In the absence of any contrary data, it was 

considered that a similar situation was true for WblE (Johnson, 1998; Fontecave et al., 2005; 

Jakimowicz et al., 2005; Crack et al., 2009).  

 

3.5.1. An Emerging Paradigm of Forms Beyond Holo-Wbl proteins 

Aerobic overproduction and purification of WblE also initially yielded a straw-yellow 

solution implying the retention of a [4Fe-4S] cluster. Cluster-loss was gradual but inevitable, 

although this was not determined via spectroscopic methods. Nevertheless, this suggests an 
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intrinsic resistance to O2 mediated oxidation, which is comparable to the mycobacterial 

homologue WhiB1 and Streptomyces WhiD, but not WhiB which appears highly O2-sensitive 

(Stewart et al., 2020; Stewart, 2022). 

Gel filtration analysis of aerobically purified WblE and SDS-PAGE analysis demonstrated that 

apo-WblE predominantly exists as a monomer capable of forming multimeric complexes with 

itself via intermolecular disulphide bonds following oxidation. These were visualised up to 

weights corresponding to WblE tetramers. The formation of intermolecular disulphide-bonded 

multimeric species has also been observed for the apo-forms of WhiB3, WhiB4, WhiB5 and the 

phage-derived WhiBTM4 (Alam et al., 2007 and 2009; Alam & Agrawal, 2008; Garg et al., 2007; 

Rybniker et al., 2010). However, this is the first evidence for an apo-Wbl protein from 

Streptomyces spp. forming multimeric arrangements in solution, that are not associated with 

inclusion bodies (Jakimowicz et al., 2005). Curiously, the formation and diversity of multimers 

was diminished in WblE-N6xHis, suggesting that the N-terminus may play an important role in 

WblE multimer formation. With respect to this, it cannot be ruled out that C-terminal tags also 

inadvertently affected the protein’s biochemistry and, to avoid ambiguity, future purifications 

should ideally employ protease treatments to remove tags, irrespective of their initial placement.  

Additional bands resolving slightly above or below the predicted weight of apo-WblE multimers 

were also observed which were likely due to heterogeneous disulphide arrangements. This is 

exemplified well by the demonstration that reduced monomeric apo-WblE runs significantly 

higher than oxidised apo-WblE on SDS-PAGE gels, suggesting compaction of the protein in the 

disulphide-bonded state. A similar phenomenon is observed for WhiB4 which forms 

heterogeneous populations of disulphide bonded multimers, but is intrinsically disordered in its 

reduced monomeric form (Zhai et al., 2022). In the case of WhiB4, multimer formation influences 

DNA-binding, but this could not be concluded for WblE.  

Despite resolving under clear peaks, monomer and dimer fractions yielded an array of heavier 

and lighter apo-WblE species when visualised by SDS-PAGE. This dynamic nature suggests that 

the apo-WblE protein can undergo disulphide exchange. This is comparable to the disulphide 

exchange that occurs between apo-WhiB1(S-S) and GlgB in M. tuberculosis (Garg et al., 2009). 

This is typical of protein disulphide isomerases. It has previously been shown that apo-WhiB1, 

WhiB3, WhiB4, WhiB5, WhiB6 and WhiB7 proteins exhibit low-level insulin disulphide reductase 

activity, in vitro, which has been postulated to arise as a product of their central thioredoxin-like 

(CX2C) motif (Alam et al., 2007; Garg et al., 2007; Alam & Agrawal, 2008). However this result 

has remained controversial (Crack et al., 2009). Protein disulphide isomerases are part of the 

thioredoxin superfamily (also harbouring the CX2C motif) but exhibit a more diverse and 

substrate specific range of activities than specific thioredoxin including the rearrangement of 



78. 

disulfide bonds through thiol-disulphide exchange reactions. This distinction from thiol-reducing 

thioredoxins has not been presented thus-far but the distinction could explain the dynamic 

nature of apo-WblE and the inherent thiol-redox activity of other apo-Wbl proteins.  

The work in this chapter aimed to provide an initial biophysical characterisation of the WblE 

protein, in vitro. It reports the successful protocols for the heterologous production and 

purification of the holo and apo forms via anaerobic and aerobic approaches, respectively. The 

results depict a scenario whereby WblE can adopt monomeric [4Fe-4S], apo-reduced or apo-

disulphide conformations, in addition to multimeric apo-protein complexes which arise under 

aerobic/oxidative conditions. The data presented adds to the growing paradigm that a complex 

array of protein conformations exist for certain Wbl proteins, at least in vitro, which may 

contribute to a graduated integration of redox sensing with specific response functions in vivo, 

although this remains to be determined. 
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Chapter 4 

Probing the Function and Essentiality of wblE 

in S. venezuelae NRRL B-65442 with CRISPR - Cas9 

 

4.1. Introduction 

The wblE gene is an orthologue of the essential whiB1 of Mycobacterium spp., that is 

thought to control virulence and expression of the groES-EL chaperonin operon. Multiple 

independent attempts to delete the wblE gene in Streptomyces spp. have failed, bearing the 

hypothesis that the gene product is also essential in this genus. This chapter details the utilisation 

of the pCRISPomyces-2 plasmid-based CRISPR-Cas9 and ReDirect λ-Red systems to test the 

hypothesis that the wblE gene is essential in S. venezuelae NRRL B-65442. Furthermore, 

CRISPR-Cas9 was used to test the viability of mutant wblE alleles with specific amino acid 

substitutions or truncations and generate strains carrying a genetically incorporated tag. Details 

for strains generated, utilised and characterised in this section can be found in Appendix A.5. 

 

4.2. Is wblE Essential? A CRISPR-Cas9 Approach 

Until recently, genome editing in streptomycetes was commonly achieved via low 

efficiency methods such as ReDirect, that are both time and labour intensive (Kieser et al., 2000; 

Gust et al., 2004), especially in comparison to the genetic modification of other microorganisms 

and if an unmarked mutant is required (Tong et al., 2019). More recently, highly efficient tools 

which utilise CRISPR/Cas9-mediated genome editing have been developed for Streptomyces 

spp. Most notably, the pCRISPomyces-2 plasmid has enabled targeted, unmarked and multiplex 

mutagenesis in a range of Streptomyces species (Cobb et al., 2015).  

 

4.2.1. Failed Attempts at Deletion or Modification of wblE, in situ 

The pCRISPomyces-2 vector has fused the crispr (cr)RNA and trans-activating 

(tra)crRNA components of the guide (g)RNA, into a single synthetic guide (sg)RNA; into which 

a custom protospacer can be assembled via GoldenGate assembly to target an homologous 

sequence and adjacent ‘NGG’ protospacer adjacent motif/sequence (PAM) within the S. 

venezuelae NRRL B-65442 genome. A separate cloning site is present for the assembly of a 

mutagenised, homologous repair template (HRT).  
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Two protospacers were designed and cloned into the pCRISPomyces-2 plasmid sgRNA (Figure 

4.1). The first protospacer (5’ – CCACCGCCGGAGTGGAAAGA – 3’), targeted the 3’ portion of 

the neighbouring vnz_24260 gene; derived plasmids were named pCa. The second protospacer 

(5’ – GGGGTCTTCCTCACGACAAA – 3’) targeted a sequence within the wblE coding sequence 

and derived plasmids were denoted pCi; This gRNA overcame the possibility that the distance 

of wblE from the cut-site could be affecting homologous recombination. 

Two HRTs were assembled in plasmid pCa (Figure A.3), corresponding to a wblE knockout 

(pCa24255KO) and a C40S substitution mutation (pCa24255C40S). Both HRTs carried a silent 

single nucleotide scar at the cut-site, within vnz_24260, that would theoretically inhibit the 

endonuclease activity in repaired templates and provide evidence of Cas9 activity and 

successful homologous recombination. Exconjugants were acquired but amplification of the 

pCa24255KO exconjugant wblE locus, revealed no change in the amplicon length compared to 

the wild type strain; similarly, sequencing of pCa24255C40S exconjugants revealed no evidence 

of the specified single nucleotide change. Nevertheless, in both cases, amplification and 

sequencing of the vnz_24260 locus from genomic DNA revealed regular incorporation of the 

SNT scar within exconjugants, excluding the possibility of a faulty gRNA (Figure 4.2). The 

previously mentioned wblE knockout HRT was tested in plasmid pCi. Nonetheless, colony PCR 

of the wblE locus from S. venezuelae pCi24255KO exconjugants and electrophoresis also 

yielded wild type sized amplicons (not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. (left) Electrophoresis of LB038F – LB040R amplicons from pCa24255KO exconjugants; red and green 

arrows show expected size for wild type (1682 bp, green arrow) and KO (1371 bp, red arrow) amplicons, 

respectively. Sanger sequencing chromatograms for the vnz_24260 coding sequence in (top right) 

pCa24255C40S and (bottom right) pCa24255KO exconjugant strains. The incorporated silent mutation in the PAM 

(R249 CGC>CGT) is highlighted red and boxed. Yellow boxes highlight the protospacers. Native sequence is shown 

below (grey text) with the PAM underlined.  

Figure 4.1. The vnz_24255 (wblE) gene neighbourhood, to scale, with pCi and pCa gRNA 

target locations highlighted within their respective genes  
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4.2.2. The wblE Gene is Essential: pCi24255KO-mediated wblE Knockouts  

In the published demonstration of their pCRISPomyces-2 CRISPR-Cas9 system, Cobb 

et al. (2015) performed multiplex genome editing (i.e. at multiple genomic sites) by using two 

unique sgRNAs which cut the DNA at two distinct sites. This was utilised to perform variably 

sized deletions between 20 bp - 30 kbp or targeted mutagenesis at distinct loci. This suggested 

that the unique sgRNA within wblE could be integrated at a separate genomic locations to 

provide simultaneous probing of two synonymous copies (Cobb et al., 2015). The Streptomyces 

integrative vector, pSS170 targets the ΦBT1 – attB integration site within the vnz_22340 coding 

sequence (start pos. - 4,874,190 bp) around 409 kilobases from, and on the opposite strand to, 

the native wblE locus (start pos. - 5,283,453 bp), thus providing a simple method of introducing 

an additional allele, in trans (Gregory et al., 2003). Two different alleles were cloned into pSS170. 

One, being the native wblE sequence with the complete vnz_24260 and vnz_24255 intergenic 

region as the promoter, yielding strain 24255WT. The second engineered allele was identical 

but carried a single, silent nucleotide mutation that disrupts the NGG PAM targeted by the 

pCi24255KO Cas9 system (22CGG20 to CCG), which was introduced via the complementary 

overhangs of primers LB050 & LB051, and is denoted by the abbreviation ‘SNT’. 

The resultant merodiploid S. venezuelae strain, carrying a protected wblE allele (24255SNT) 

readily yielded knockout strains (Δ24255SNT) in around 51% of (49 PCR tested) exconjugants 

after a single generation of growth following selection and significantly improved the overall 

frequency of exconjugant growth, compared to the WT and 24255WT strains (MW = p < 0.001; 

Figure 4.3). Confirmed Δ24255SNT strains exhibited wild type development, demonstrating 

complementation (Figure 4.4). It can therefore be ascertained that the reason why pCi24255KO 

did not yield any ΔwblE exconjugants in the wild-type or 24255WT strains was not due to a faulty 

gRNA, which is comparable to the results obtained with the pCa24255KO and pCa24255C40S 

CRISPR-Cas9 systems (Section 4.2.1 - Figure 4.2). Intriguingly, strain 24255WT exhibited 

significantly lower frequency of exconjugant growth than even the controls (MW = p < 0.05), 

following selection for the pCi24255KO plasmid, only one colony grew in this limited controlled 

trial and it retained a WT wblE locus. This suggests that providing two targetable copies actually 

increased lethality of CRISPR-Cas9 targeting of wblE. Together, these results indicate that 

specifically protecting the wblE gene from Cas9 endonuclease activity abrogates lethality and 

allows deletion in S. venezuelae, thus providing evidence that the gene is essential.  
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Figure 4.3. (a) Electrophoresis gel of PCR (LB129 – LB130) amplicons from 24255SNT exconjugants. The 

expected amplicon sizes for wblE (green) and ΔwblE (red) sequences are shown alongside the 1kb plus NEB DNA 

ladder. (b) Mean exconjugant survivalist counts (± SE) for pCi24255KO conjugation of control strains wild type (n 

= 35), pSS170 (n = 18), pIJ10257 (n = 20) and test strains 24255WT (n = 20),  24255SNT (n = 20), normalised by 

their viable spore counts and represented per billion (x 109) viable spores; KO frequency is highlighted in red. (c) 

Example conjugation plates for strains 24255WT and 24255SNT, following selection, are shown to the left of the 

graph.     ** = p < 0.025,   **** = p < 0.0001  (Mann-Whitney U) 
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Figure 4.4. PCR Confirmation from gDNA of isolated Δ24255SNT strains and example 

growth after 4 days on MYM + TE for the WT and empty plasmid strains, compared to 

isolated isogenic Δ24255SNT strains cured of the pCi24255KO plasmid (1, 2, 3).  

 

Figure 4.5. (a) Sv-6-D09-wblE::aac(3)IV (::apr) exconjugant plate, with small (aac(3)IV+, neo-)  colonies 

circled in red and (b) the phenotype of these exconjugants when grown on MYM + TE with the selecting 

antibiotic, apramycin. Confirmation of the presence of both a native (WT) and disrupted (wblE::apr) loci 

by PCR for 5 possible mutants is shown beneath. 

(b) (a) 
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4.2.3. The wblE gene is essential: ReDirect (Dr Neil Holmes) 

To independently confirm these results, Dr Neil Holmes followed up this work by using 

ReDirect technology, a PCR targeting mutagenic approach, which utilises λ-Red mediated 

recombination in a Streptomyces cosmid library, in E. coli (Gust et al., 2004). The S. venezuelae 

wblE gene was replaced with the aac(3)IV apramycin resistance cassette, on the kanamycin 

resistant Sv-6-D09 cosmid (Sv-6-D09-wblE::aac(3)IV, neoR) and conjugated into S.venezuelae 

NRRL B-65442. Remarkably, exconjugants exhibiting small colony phenotypes were isolated 

with kanamycin sensitivity and apramycin resistance, indicating successful double cross-over 

events, and potential knockouts. However, PCR amplification soon revealed that exconjugants 

retained a WT wblE locus AND the recombinant wblE::aac(3)IV sequence (Figure 4.5). When 

grown without apramycin, exconjugants reverted to WT phenotypes. Thus, it seems wblE is kept 

by any means necessary and is indeed an essential gene. 

 

4.3. A Curious Effect of Cas9 Protection on Viable Spore Counts 

As part of the method for quantifying pCi24255KO conjugation efficiency (Section 2.20), 

viable spore (CFU) counts were performed (Section 2.20.1). Despite exhibiting similar 

phenotypes and being normalised to an OD600 of 0.1, a significant difference in the number of 

CFU.μL-1 was observed consistently between the control strains (WT or empty plasmid) and 

24255SNT, which carried an extra allele of wblE with the Cas9-silencing scar. The O24255SNT 

strain was also tested which yielded similar results (Chapter 2 - Figure 2.1). It was possible these 

increases resulted from either increased spore viability or increased germination rates but this 

was not determined experimentally. A slight increase in viable spore counts was also observed 

for the 24255WT and O24255WT strains, however these were not significant (p > 0.05). These 

differences were normalised in the calculations of conjugation efficiency for 24255WT and 

24255SNT (Section 2.22.2).  

 

4.4. Discerning Essential and Non-Essential Residues with Integrated Mutant Alleles 

The true power of this approach was a plug and play type approach for gene editing, 

with an additional protected allele provided in trans via the conjugation of an integrative vector. 

A qualitative approach was used to determine the likely essentiality for a range of residues and 

domains, encoded by the wblE gene. Unfortunately, due to time constraints, these have not been 

quantified in comparison with the WT and 24255WT 24255SNT strains, although are the result 

of multiple experiments and nonetheless, still provide important data. Details for viable mutants 

can be found in Figure 4.6. 
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4.4.1. The WblE Cysteines are Essential for Function and Survival in S. venezuelae 

 Previous attempts to mutate the conserved WhiB-like cysteine residues to alanine have 

demonstrated that they are essential for cluster ligation in vitro and biological function, in vivo 

(Singh et al., 2007; Jakimowicz et al., 2005; Bush et al., 2016). Alanine scanning is a typical 

method for mutagenic screening, however alanine exhibits distinct structural properties to 

cysteine which could disrupt the protein structure. Serine, on the other hand, is a structural 

analogue of cysteine which only differs by a single atom in its side chain (-SH / -OH); rarely, 

serine can even act as an iron-sulphur cluster ligand (Mansy et al., 2002). Thus, to specifically 

investigate the redox and [4Fe-4S]-ligating properties of these residues, wblE fragments were 

generated commercially (GenscriptTM) carrying SNT Cas9 protection and serine substitutions 

for each cysteine residue (Table 4.1). The mutated fragments were amplified (LB088 & LB042hf) 

and fused with a complementary promoter fragment (LB041hf & LB050) in pSS170. No ΔwblE 

strains could be acquired with these mutant alleles integrated in S. venezuelae, despite Cas9 

protection, indicating that these residues are essential for WblE function. Exconjugant colonies 

grew on occasion but were highly heterogeneous and retained the native wblE locus, according 

to the size of the PCR amplified locus. It will be important for future work to complement these 

findings in vitro via analysis of cluster incorporation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1 Point mutations and corresponding 

substitutions (sub.) in integrated wblE alleles and 

associated strains. 

Strain Sub. Mutation 

24255C9S C9S   25TGT27    →  TCG 

24255C37S C37S 109TGT111   →  TCG 

24255C40S C40S 118TGC120  →  TCG 

24255C46S C46S 136TGC138  →  TCG 

24255D13A D13A    37GAC39   →  GCG 

VP5240 
N6Q 

N82Q 

   16AAC18   →  CGC 

 244AAC246  →  CAG 



86. 

4.4.2. The DNA-Binding C-Terminus of S. venezuelae WblE cannot be Truncated 

The wblE coding sequence and its native promoter were amplified from plasmid 

pSS24255SNT (primers LB041hf and LB126) such that the protein possessed a C-terminal 

truncation of 18 aa (R68 – A85), removing any putative DNA-binding residues and incorporating 

a new stop codon. No ΔwblE exconjugants could be acquired, suggesting that the C-terminal 

DNA-binding domain is essential for WblE function in vivo.  

 

4.4.3. S. venezuelae ΔwblE :: ΦBT1 pSS24255D13A SNT (Strain Δ24255D13A) 

In Wbl proteins, shortly following the first conserved cysteine residue (1Cys), is a near-

universally conserved aspartate (Asp; D) which conserves 1Cys + 4 aa spacing. In WblE and 

WhiB1 this is residue 13. The equivalent residue (D71) is indispensable for M. smegmatis WhiB2 

(WhiB) function and a D71A substitution is lethal (Raghunand & Bishai, 2009). It was originally 

hypothesised that D13 is important for ligation of the iron-sulphur cluster, however, the recent 

Cryo-EM structure of Streptomyces venezuelae WhiA-WhiB-σHrdB transcriptional complex shows 

that the equivalent residue (D29) is in direct proximity to WhiA-R165 at the WhiA-WhiB 

interaction interface. This provides an alternative source for its essential role in WhiB(2) function 

via a critical salt-bridge network by stabilising the interaction with WhiA (Bosshard et al., 2004; 

Lilic et al., 2023).  

A point mutation was introduced within codon 13 of wblE via commercial gene synthesis 

(GeneWizTM – Table A.2) which specified a D13A single amino acid change (Table 4.1). Alanine 

scanning was used in this instance to match the approaches used previously, in vitro. The allele 

fragment was amplified and Gibson assembled into pSS170 and integrated into S. venezuelae 

to generate strain 24255D13A. The wblE gene was successfully deleted from S. venezuelae 

24255D13A, generating strain Δ24255D13A and demonstrating that D13 is dispensable for wblE 

function in vivo, in direct contrast to WhiB. Potential reasons for this discrepancy will be 

discussed. 

 

4.4.4. S. venezuelae ΔwblE :: ΦBT1 pSSVP5240 (Strain ΔVP5240) 

Sequence variation across Streptomyces spp. WblE homologues is minimal, however, 

small variations do exist. The model organisms, S. venezuelae and S. coelicolor are quite 

distantly related but share 93.4% nucleotide identity and 97.6% amino acid identity in their wblE 

coding sequence or products. These variations ultimately define two asparagine to glutamine 

amino acid substitutions in the N-terminal and the C-terminal regions (N6Q and N82Q, 

respectively). The S. venezuelae promoter (LB041hf – LB071) and S. coelicolor wblE gene 

(LBc002 – LBc004) were amplified and fused in pSS170 via Gibson assembly (pSSVP5240). 
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Despite a high overall nucleotide identity between the two homologues, no SNT-protection was 

used as significant variations in the protospacer sequence were present in S. coelicolor wblE 

sequence. The lethality of ΔwblE was complemented by the S. coelicolor homologue (strain 

ΔVP5240) suggesting equivalent essential functions, in vivo. It is possible that the N6Q and 

N82Q mutations alone are lethal but complement one another; this has not been assessed but 

these residues are not always conserved together, suggesting that this is unlikely. 

 

4.4.5. S. venezuelae ΔwblE :: ΦBT1 pIJ24255SNT (Strain ΔO24255SNT)  

To rule out the possibility that repression of wblE transcription (dictated within the native 

promoter) was important for function, the wblE coding sequence was amplified so that it carried 

Cas9 protection, with primers LB072 and LB042hf, and assembled into plasmid pIJ10257 under 

the control of the ermE* promoter (plasmid pIJ24255SNT, strain O24255SNT). This strain 

complemented ΔwblE lethality, resulting in strain ΔO24255SNT. Thus, repression at the wblE 

promoter is dispensable for function and cell survival, indicating a constitutive role for WblE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Growth of isolated (1) Δ24255D13A (2) ΔVP5240 (3) ΔO24255SNT and (4) Δ24255SNT 

mutants grown on MYM + TE for 3 days and S. venezuelae colony PCR confirmation of these cultures. 

Associated mutant genotypes are shown and can also be found in Appendix A.5. 
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4.5. N-Acetylglucosamine Induces Phenotypes in wblE Mutants 

A somewhat confusing observation made for each of the ΔwblE complemented strains 

reported here was that little to no phenotype was observed, aside from very minor differences 

in macroscopic morphology and spore pigments (Figure 4.6). Following analysis of the wblE 

genetic neighbourhood with WebFlaGs (Figure A.2), it was noted that genes for N-

acetylglucosamine metabolism were conserved upstream of the wblE locus, including the 

conditionally essential glucosamine phosphate isomerase nagB (vnz_24235) and the N,N'-

diacetylchitobiose ABC transporter operon dasABCD (vnz_24215 - vnz_24230). This feature is 

not conserved in other Actinobacteria. The control and mutant strains developed in this chapter 

were grown on MYM + TE at 30oC, supplemented with (low) 200 μM and (high) 20 mM GlcNAc, 

which induced complex developmental and metabolic phenotypes which are broken down here. 

 

4.5.1. N-Acetylglucosamine Reveals Polar Effects of trans-Integrated Alleles 

Polar effects describe mutations which disturb the transcription of a gene (or genes) due 

to a direct transcriptional relationship; the most common examples of polar mutations occur in 

polycistronic mRNAs which contain contiguous coding sequences. 

Evidence from S. venezuelae dRNA-seq (Section 2.21.3), and the ability to complement wblE in 

trans with only the vnz_24260 – vnz_24255 intergenic sequence as the promoter, make it clear 

that wblE expression is primarily driven from its own promoter under standard liquid and agar 

growth conditions (MYM + TE, 30oC). Thus, the Δ24255SNT strain should theoretically respond 

to the amino sugar GlcNAc the same as the wild type and empty plasmid strains, however this 

was not the case (Figure 4.7 & Figure 4.8). In particular, on MYM + TE supplemented with 20 

mM GlcNAc the Δ24255SNT strain developed a striking small-colony phenotype which was 

shared with the Δ24255D13A strain. Remarkably, overexpressing wblE from the ermE* promoter 

in a ΔwblE background (ΔO24255SNT) almost entirely rescued the small-colony phenotype and 

presented a colony which was now comparable to the wild type strain, in appearance and 

bioactivity. These results demonstrate that constitutive expression levels achieved at the native 

locus are important but not essential for WblE function, and moving wblE could have 

unintentionally affected a previously unappreciated transcriptional element. Intriguingly, the 

ΔVP5240 strain also partially restored growth, although the reason why is unclear and could be 

due to variations in the gene sequence or as a result of the substituted residues and hence, 

function of the gene product.  
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4.5.2. N-Acetylglucosamine Reveals Developmental Functions for WblE 

Macroscopic 4K images (Section 2.35) of the 3 day old colonies grown on 20 mM 

revealed unique topological differences between the strains, which could be due to variations in 

the development of the underlying vegetative hyphae.  It was also notable that unique patterns 

of emerging aerial hyphae were observed for each of the mutants on 200 μM and 20 mM 

GlcNAc, potentially demonstrating an early developmental role for WblE (Figure 4.6). 

 

4.5.3. WblE Function is Important for S. venezuelae Secondary Metabolism  

Several Wbl proteins are known to regulate the secondary metabolism of 

Mycobacterium and Streptomyces spp. (Singh et al., 2009; Fowler-Goldsworthy et al., 2011). 

Control strains showed robust bioactivity against the Gram-positive bacterium B. subtilis when 

grown on MYM + TE, supplemented with 200 µM GlcNAc. A loss of bioactivity in the Δ24255SNT 

strain when compared to the controls and strain O24255SNT was attributed to the polar effects 

previously described and consistent with this, strain ΔO24255SNT partially rescued this 

phenotype (Figure 4.7). Strains ΔVP5240 and Δ24255D13A exhibited no region of comparable 

bioactivity when compared to strain Δ24255SNT. Thus, while it is difficult to separate the direct 

effects of mutagenesis from the potential polar effects of moving wblE, these results clearly show 

that mutating wblE, or disrupting native expression, affects S. venezuelae secondary metabolism 

(Figure 4.7). It was noted that pSS170 seemed to have reduced bioactivity and could be 

cumulatively affecting these results, although more replicates of this control would be needed 

to confirm this as variations between replicates are common.  
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Figure 4.7. Growth phenotypes at 3 days of growth on MYM + TE, supplemented with different concentrations (200 μM and 20 mM) of N-acetylglucosamine. 

Note that the 4K macroscopic images taken for the growth of strains on 20 mM GlcNAc (bottom black panel) were taken + 4 hrs growth following scanned 

images. 
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Figure 4.8. S. venezuelae wblE mutant bioassays against B. subtilis on MYM + TE + 200 μM. Strains are denoted above their respective plate. S. 

venezuelae WT, pSS170, pIJ10257 controls (n = 1 each); O24255, Δ24255SNT, ΔO24255, ΔD13A (n = 3 each). 
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4.6. The vnz_24260 Gene is Recalcitrant to Cas9-mediated Deletion 

It was noted that strains arising from pCa24255KO conjugations, carrying a silent 

mutation in codon 249 (CGC to CGT) exhibited unexpected and significant phenotypes, hence 

the preferential employment of the pCi plasmid, thereafter. These mutant strains exhibited 

curling or wrinkled confluent lawns with uncoordinated development (Figure 4.9). A second pCa 

plasmid was designed which carried a HRT with the majority of vnz_24260 gene deleted 

(pCa24260KO), retaining only a small portion of the in-frame sequence which corresponded to 

an N-terminal 8 aa peptide. Despite evidence that the pCa sgRNA works (Section 4.2.1), 

vnz_24260 knockouts could not be acquired. It is possible that the newly formed short peptide 

is not tolerated by the cell, leading to a pseudo-lethal phenotype; however, the transpositional 

dead-zone found at the S. coelicolor wblE (sco5240) locus (Xu et al., 2017) also encompasses 

the full sco5241 (vnz_24260) coding sequence and promoter region, indicating that another 

essential gene neighbours wblE.  

 

 

 

 

 

 

 

Figure 4.9. Images of confluent growth of wild type S. venezuelae NRRL B-65442 (WT) and S. 

venezuelae carrying the silent mutation in codon 249 of vnz_24260 (CGC⇒CGT). Grown for 3 days 

from undiluted spore stocks on 90 mm plates. 
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4.7. Generating a WblE-3xCFLAG Strain for Immunoprecipitation Experiments 

The WhiB-like proteins comprise a protein family related by both their protein sequence 

and structure. As such, there is a risk that polyclonal antibodies raised against WblE could also 

non-specifically bind epitopes shared by other Wbl proteins and obscure its true regulatory 

targets. Therefore, this work opted for the incorporation of 3xFLAG tag, and precipitation via 

monoclonal M2 antibody beads (Anti-FLAG®, Section 2.21). Initially, attempts were made to N-

terminally FLAG-tag WblE at its native locus (pCa24255NF) and, subsequently, via pre-

complementation with a trans-integrated allele (pSS24255NF). However, a stable strain could 

not be acquired with either approach. 

It was thus perceived that the N-terminal tag may be affecting the formation of WblE multimers 

as was observed for WblE-N6xHis in vitro (Section 3.4); alternatively (or additionally), the large 

size of the FLAG-tag with a linker relative to WblE may have been leading to protein instability 

or obstruction of function, in vivo. As such, pSS170 derivatives were constructed which carried 

a linker-less, C-terminally 3xFLAG-tagged wblE allele, (WblE–DYKDHDGDYKDHDIDYKDDDDK) 

under the control of its native promoter and with (SNT) Cas9 protection. S. venezuelae 

ΔwblE::ΦBT1 pSS24255CFSNT (Δ24255CF1-3) strains were generated via conjugation of the 

pCi24255KO ΔwblE vector, into strain 24255CF which carried the ΦBT1-integrated FLAG-

tagged allele. The complemented strain was confirmed via PCR amplification of the wblE locus, 

and size analysis on 1% agarose gel (Figure 4.10). The S. venezuelae Δ24255CF1 strain 

exhibited small phenotypic variations compared to the wild type, but scanning electron 

micrographs demonstrated wild type microscopic development, very close to that of the wild 

type (Figure 4.11). This suggests C-terminally FLAG-tagged WblE is functional in vivo. 

Genetic incorporation and functional retainment of the FLAG-tagged allele was confirmed by an 

HRP-conjugate M2-antibody western blot against WblE-C3xFLAG, on a PVDF membrane (Figure 

4.10). Intriguingly, potential multimeric forms of WblE-CFLAG were faintly visible in the western 

blot images, similar in nature to those observed for purified WblE-C6xHis (Section 3.4). The 

WblE-C3xFLAG protein ran around 3 - 4 kDa higher than expected on the polyacrylamide gel 

(visualized in blot; Figure 4.10). However, sequencing of the additional allele found no evidence 

for a genetic cause of this extra weight. This was ultimately attributed to the high proportion of 

negatively charged amino acids in the 3xFLAG-tag, with respect to the small size of WblE. 

Concentrated stretches of negatively charged (i.e. Asp) residues can lead to a size-shift by 

disturbing interactions between negatively charged SDS and the protein of interest, ultimately 

disrupting the repulsive dynamics between SDS and the electric field (Tiwari et al., 2019).  
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Figure 4.10. (top) The LB038F-LB040R PCR products from the genomic DNA 

of Δ24255CF1, CF2, CF3 FLAG-tagged strains run against a failed wblE 

knockout and a wild type strain of S. venezuelae. (bottom) FLAG M2-HRP 

conjugate antibody western blot of soluble and insoluble fractions from the 

Δ24255CF1, CF2, CF3 and wild type strains. Inefficient blotting and high 

apparent molecular weight of WblE can be associated with its strong negatively 

charge C-terminus as a result of tagging. N-terminally FLAG-tagged BldO 

(BldO-NF) was used as a positive control. 
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Figure 4.11. S. venezuelae NRRL B-65442 wild type strain and the C-terminally FLAG-tagged wblE 

strains (Δ24255CF1 – 3), following 6 days of growth as single colonies on MYM + TE at 30oC (Top). 

Below this are scanning electron micrographs performed on single colonies grown under the same 

conditions by Kim Findlay (John Innes Centre) for the wild type strain (Middle) and Δ24255CF1 strain 

(Bottom).  
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4.8. Discussion. 

4.8.1. Addressing the Conflicting Evidence for wblE Essentiality 

The work in this chapter has demonstrated that the wblE gene is essential in S. 

venezuelae NRRL B-65442, and directly corroborates and expands upon previous work which 

failed to disrupt wblE in S. coelicolor A3(2) and S. avermitilis ATCC 31267 (Fowler-Goldsworthy 

et al., 2011; Liu et al., 2017; Xu et al., 2017). Specifically, strains carrying an additional, functional 

CRISPR-Cas9 protected allele, in trans, are required to achieve knockouts with the 

pCRISPomyces-2 system in S. venezuelae. Moreover, PCR-targeted, λ-Red-mediated 

homologous recombination (ReDirect technology) failed to disrupt the native wblE gene, despite 

evidence for successful double-crossover events which would typically yield the desired mutant.  

This accumulating evidence for wblE essentiality is nonetheless contradicted by two studies. 

Firstly, early work in S. coelicolor reported that wblE (SCO5240) could be deleted without any 

obvious phenotypic consequence (Homerová et al., 2003). More recently, Cho et al. (2017) 

reported disruption of wblE in S. griseus strain S4-7, isolated from F. oxysporum f.sp. Fragariae 

suppressive soil (Cha et al., 2016). In both cases, homologous recombination-based techniques 

were employed (via pKC1132 and pSIGSC1N, respectively) which are mechanistically 

equivalent to, albeit less efficient than, ReDirect (Bierman et al., 1992; van Wezel & Bibb, 1996). 

However, as the work (conducted by Dr Neil Holmes) in this thesis has demonstrated, even 

relevant antibiotic selection and aac(3)IV targeted PCR confirmation, together, is insufficient to 

confirm the generation of true, isogenic ΔwblE mutants by recombination-based approaches 

(Section 4.2.3). Therefore, despite these conflicting results, this work has provided evidence that 

both studies failed to produce sufficient, substantiative evidence for the generation of an 

isogenic ΔwblE mutant (according to their published methods). Hence, it can be presumed that 

wblE was retained in both species and is in fact an essential gene in this genus. Due to the lack 

of published research of wbl genes in S. griseus, the prospect of a unique evolutionary 

adaptation, which has led to redundancy between wblE and the highly similar paralogous gene 

wblE2 (77.2% similarity) in this species, cannot be entirely ruled out. Even so, this does not seem 

to be the case between wblE and wblK (75.9% similarity) in S. coelicolor but will warrant future 

mutagenic studies in S. griseus (Fowler-Goldsworthy et al., 2011).  

In addition to this, employment of trans-integrated mutant alleles with Cas9-protection enabled 

the generation of a range of viable wblE mutants via CRISPR-Cas9. However, it did not permit 

substitution of any of the four cysteine residues (C9, C37, C40, C46) with the structural analogue 

serine, nor truncation of the putative DNA-binding domain (Section 4.4). This reinforces the 

notion that the wblE gene and its DNA-binding product are essential and, moreover, that the 

cysteine residues are each indispensable for WblE function, in vivo. These findings are 

commensurate with published data regarding Streptomyces spp. WhiB and WhiD, whereby 
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cysteine to alanine mutations yield phenotypes that are equivalent to their respective null 

mutants (Jakimowicz et al., 2005; Bush et al., 2016). To date, no cysteine substituted mutants 

studied in vitro can stably ligate a [4Fe-4S] cluster, suggesting that this inorganic cofactor 

underlies the essentiality of the cysteine residues.  

There are, however, exceptions to this paradigm, in vivo; the M. smegmatis and M. tuberculosis 

WhiB2 N-terminal Cys1 (C27 and C67 respectively) mutants are curiously functional, in vivo. It 

was originally proposed that this resulted from alternative cluster ligation by a conserved 

aspartate residue proximal to Cys1 with + 4 amino acid spacing (D31 and D71, respectively), 

which could theoretically contribute to Fe-S ligation and, in contrast, is essential for WhiB2 

function (Raghunand & Bishai, 2006). In this chapter however, CRISPR-Cas9 mediated wblE 

knockouts were readily achieved with a trans-integrated allele carrying a D13A substitution, in 

direct contrast to the four conserved cysteine residues (Section 4.4.1), suggesting that D13A 

plays a negligible role in Fe-S ligation at least in S. venezuelae WblE. This result corroborates 

data acquired in vitro for purified M. tuberculosis WhiB1-D13A which stably ligates an iron-

sulphur cluster with identical biophysical characteristics and sensitivity to O2 / •NO as wild type 

WhiB1 (Smith et al., 2012).  

Recent work in S. venezuelae has demonstrated that the analogous WhiB aspartate residue 

(D29) forms a crucial part of the WhiA-WhiB interface via a salt bridge with WhiA-R165, providing 

an alternative basis for its necessity for WhiB function, in vivo (Lilic et al., 2023). Therefore, if this 

function is conserved and WblE contributes to a similar multipartite assembly, which coordinates 

a regulator at the transcription complex, either the interaction is not essential for WblE function 

or D13 is not essential but only contributes to such an interaction. With respect to this latter 

point, D13 is nestled amongst a stretch of other negatively charged glutamate residues, a 

characteristic that is unique to this Wbl archetype (11EEDPE15). Nonetheless, it will first be 

important to identify if there are indeed candidate co-regulators because to date, none have 

been proposed for WblE. 

 

4.8.2. Potential Disruption of a wblE 5’ UTR cis-Regulatory Mechanism 

An intriguing feature of the trans-complemented ΔwblE strains was the polar effect which 

deleteriously affected growth, development and secondary metabolism, when grown on media 

supplemented with the preferred Streptomyces spp. carbon source, GlcNAc. Overexpression of 

wblE from the constitutive ermE* promoter in a ΔwblE genetic background largely 

complemented these phenotypes, indicating that constitutive expression levels achieved at the 

native wblE locus are important (but not essential) for the gene’s function and these were lost in 

trans-integrated alleles. Integrated alleles employed the entire vnz_24260 – vnz_24255 (wblE) 
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intergenic sequence as the promoter, suggesting that transcription of wblE in Streptomyces spp. 

may originate from a promoter element further upstream, embedded within the vnz_24260 

coding sequence, or from the vnz_24260 promoter itself, although this did not explain the 

importance of GlcNAc in transcription.  

In S. clavuligerus ATCC 27064, S. lividans TK24 and S. venezuelae NRRL B-65442 the wblE 

gene is transcribed with a long 5’ UTR (170 bp) and premature transcription termination has 

been reported for S. clavuligerus wblE CRV15_08000 (Hwang et al., 2021; Droste et al., 2021; 

dRNA-seq Section 2.21.3). The M. tuberculosis H37Rv whiB1 (rv3219) mRNA conserves this 

5’UTR and the promoter is highly enriched with the NusA transcription termination factor 

(Uplekar et al., 2013). These data provide the hallmarks of a conserved cis-regulatory element, 

controlling wblE/whiB1 transcription in Mycobacterium and Streptomyces spp., such as 

transcription attenuation or a riboswitch. It was therefore believed that the polar effects induced 

by trans-complemented ΔwblE strains were a result of disrupting transcription over this cis-

regulatory element which is conditionally induced (directly or indirectly) by the essential 

metabolite GlcNAc, in S. venezuelae. If this is the case, it would also imply a level of 

transcriptional coordination between wblE and vnz_24260, although the basis for this remains 

unclear. 

Overcoming this polar effect and pinpointing important features of this intergenic regulatory 

mechanism could be achieved in vivo, by the trans-complementation of ΔwblE mutants with the 

entire vnz_24260 gene or various fragments of the coding sequence, with comparative 

phenotypic analysis on GlcNAc-supplemented media. This will undoubtedly be important for 

more accurate analysis of wblE mutant phenotypes in future studies. 
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Chapter 5. 

Deciphering the WblE Regulon in S. venezuelae 

NRRL B-65442  

 

5.1. Introduction 

At present, no regulatory targets have been identified or proposed for WblE in 

Streptomyces spp., and none have been determined experimentally. Moreover, only a few have 

been deduced on a case-by-case basis (in vitro) in M. tuberculosis including the molecular 

chaperone groEL2, the TVIISS components espACD necessary for the virulence program, and 

whiB1 itself (Stapleton et al., 2012; Kudhair et al., 2017). Meanwhile, expansive, pleiotropic 

regulons have been identified in vivo for both WhiB(A) (Bush et al., 2015) and WblC (Lee et al., 

2020) in Streptomyces spp. The work in this chapter applied Chromatin Immunoprecipitation 

with downstream sequencing (ChIP-Seq) to identify putative WblE targets in vivo, predict a WblE 

consensus binding sites and test this in vitro via surface plasmon resonance (SPR). 

ChIP-Seq is a widely employed technique used to identify putative target sites for DNA-binding 

proteins, across an organism’s entire genome. Specifically, the compound formaldehyde is used 

to covalently crosslink organic macromolecules (such as proteins and DNA) throughout the 

growing biomass. The cells are then lysed, and DNA sheared into small fragments which are 

‘immunoprecipitated’ using an antibody with specific affinity for the regulator of interest, or a 

genetically incorporated affinity tag attached to the regulator. The isolated DNA is sequenced, 

and the sequencing reads aligned back to the genome, to identify regions of enrichment which 

represent putative binding sites for the regulator of interest. This technique is particularly 

effective for the analysis of WhiB-like proteins, as the sensitivity of the [4Fe-4S] cluster is 

circumvented once the protein has been cross-linked to DNA in vivo (Bush et al., 2015; Lee et 

al., 2021).  

 

5.2. WblE Chromatin Immunoprecipitation and Sequencing 

Developmental work in S. venezuelae is typically performed in liquid media, however, in 

most Streptomyces species, aerial mycelium formation and sporulation are blocked in liquid 

culture (Manteca et al., 2010). Only a small portion of Streptomyces spp. studied appear to have 

the ability to undergo complete differentiation in submerged cultures, however, all species 

conserve wblE. Thus, as a first investigation into WblE function, this work opted for growth on 

solid agar medium to be most applicable to a wider range of Streptomyces spp. Sample 
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acquisition was carried out at three time-points which coincided with three major developmental 

stages: tp1 (18 h), established vegetative growth; tp2 (25.5 h), onset of ‘white’ aerial growth; and 

tp3 (42 h), onset of sporulation pigmentation (42 h) (Figure 5.1).  

As a conservative first-pass approach, isolated DNA from a single full technical replicate of the 

wild type and Δ24255CF1 S. venezuelae strains, was sent to NovogeneTM for Illumina 

sequencing. Variation between two biological replicates is generally low in ChIP-seq data (Ho et 

al., 2011), thus ensuring a degree of confidence in any significant results obtained. Nonetheless, 

a full triplicate study was pre-emptively undertaken but additional samples were maintained at -

80oC for any further analysis. A relatively low DNA yield was acquired for timepoint 1 however 

this did not seem to affect the experiment. The raw sequencing data were analysed by Dr Govind 

Chandra (John Innes Centre) and the results are presented here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Growth of confluent lawns for WT S. venezuelae NRRL B-65442 

and the Δ24255CF1 strain at 18h (tp1), 25.5h (tp2) and 42h (tp3), from left to 

right. 
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5.3. WblE is a Global DNA-Binding Protein in S. venezuelae 

Over the experimental time-course, a total of 97 peaks were identified which exhibited a 

greater than log2-fold enrichment and were significant across at least one time-point, compared 

to the wild type control (p ≤ 0.05). Regions of local enrichment were globally distributed across 

the S. venezuelae genome and around 25% of the ChIP-seq peaks sat at divergent promoters, 

potentially putting the transcription of 124 transcriptional units under the control of WblE. A 

genome-wide overview of these data is shown in Figure 5.1 and a detailed summary of hits are 

provided in Table 5.1.  

ChIP-seq on its own does not provide accurate quantification of DNA binding, nevertheless, each 

experimental time-point was carried out under the same conditions and an overall reduction in 

enrichment was observed for most promoters between each timepoint (Figure 5.2). Intriguingly, 

a distinct set of promoters were specifically enriched during tp2 and are distinguished as ‘Group 

2’ genes. A third set of enriched sequences were differentiated as an ‘Atypical Group’ as they 

represented regions of DNA which seemed inconducive to transcription (e.g. between 

convergent genes).  

Two additional promoters, for bldA (vnz_14210) and ssgR (vnz_18200), exceeded the 

enrichment cut-off but fell just short of statistical significance (p = 0.051 and 0.063 respectively). 

These peaks have been tentatively included due to their relationship to other enriched targets, 

their convincing peaks, and the assumption that their significance would be rectified with data 

from the additional replicates. Nevertheless, these two genes are distinguished in Table 5.1. 

 

 

 

 

 

 

Figure 5.2. Temporo-spatial enrichment of the S. venezuelae NRRL B-65442 genomic sequence, following 

WblE-3xCFLAG ChIP-seq. The genome is depicted along the bottom of the image, and keys for interpreting 

this figure are shown below. Visualised in Integrated Genomic Viewer. 
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Table 5.1. Summary of WblE ChIP-seq peaks that were significantly enriched compared to the wild type control. (Group 1) Enriched during tp1 (Group 2) 

specifically enriched during tp2; and (Group 3) atypical peaks (e.g. between convergent genes/without clear regulatory target). 

 

Group 1 Promoters tp1 (18 hr) tp2 (25.5 hr) tp3 (42 hr) 

n locus type strand gene product (gene name) lfc1 p-val1 lfc2 p-val2 lfc3 p-val3 

1 vnz_24025 tRNA 1 tRNA-Met (cat) 3.125 0.014 2.978 0.004 2.049 0.022 

2 vnz_19045 tRNA 1 tRNA-Met (cat) 2.931 0.009 2.741 0.018 1.955 0.039 

3 vnz_21805 CDS 1 50S ribosomal protein L13 (rplM) 2.840 0.001 2.722 0.010 1.610 0.044 

4 
vnz_11450 CDS -1 elongation factor 4 (lepA) 

2.795 0.009 2.554 0.014 1.712 0.055 
vnz_11455 CDS 1 30S ribosomal protein S20 (rpsT) 

5 vnz_21635 CDS 1 30S ribosomal protein S10 (rpsJ) 2.756 < 0.001 2.743 0.011 1.626 0.028 

6 vnz_19005 CDS 1 RNA helicase 2.720 < 0.001 2.801 < 0.001 2.237 < 0.001 

7 vnz_26165 CDS 1 50S ribosomal protein L19  (rplS) 2.700 0.011 2.325 0.021 1.715 0.095 

8 vnz_18870 tRNA -1 tRNA-Gly (tcc) 2.602 0.024 2.121 0.037 1.484 0.051 

9 vnz_17940 tRNA -1 tRNA-Ile (gat) 2.544 < 0.001 2.372 0.022 1.639 0.093 

10 

vnz_04715 rRNA -1 16S ribosomal RNA 

2.520 0.030 2.184 0.009 1.489 0.066 
vnz_04720 CDS 1 

phosphoenolpyruvate--carbohydrate 

phosphotransferase (crr-ptsI operon) 

11 vnz_14500 CDS 1 
50S ribosomal protein L25/general stress protein 

(ctc) 
2.429 0.004 2.528 0.019 1.587 0.029 

12 vnz_21760 CDS 1 translation initiation factor IF-1 (infA) 2.376 0.005 2.135 0.029 1.169 0.043 

13 vnz_11645 CDS -1 50S ribosomal protein L21  (rplU) 2.308 0.002 2.491 0.011 1.253 0.075 

14 vnz_11540 tRNA -1 tRNA-Ala (ggc) 2.287 < 0.001 1.900 0.030 1.186 0.059 

15 vnz_18630 tRNA -1 tRNA-Ser (cga) 2.227 0.014 2.013 0.012 - - 

16 
vnz_05575 CDS -1 

putative 4-amino-4-deoxychorismate synthase 

operon (pabBA) 2.214 0.015 1.733 0.028 - - 

vnz_05580 tRNA 1 tRNA-Gly (gcc) 

17 vnz_26685 rRNA 1 16S ribosomal RNA 2.177 0.028 1.998 0.027 1.292 0.033 

18 vnz_24770 CDS 1 50S ribosomal protein L31 (rpmE) 2.174 0.026 1.925 0.044 1.102 0.068 

19 vnz_21365 CDS -1 hydrolase 2.152 0.002 2.098 0.030 1.507 0.089 
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vnz_21370 tRNA 1 tRNA-Thr (ggt) 

20 vnz_26030 CDS 1 hypothetical protein 2.129 0.004 1.884 0.043 - - 

21 vnz_22160 CDS 1 succinate-CoA ligase operon (sucCD) 2.076 0.001 1.766 0.021 - - 

22 vnz_16520 tRNA 1 tRNA-Pro (cgg) 2.056 0.008 1.712 0.028 - - 

23 vnz_17980 CDS -1 chromosomal replication initiation protein (dnaA) 1.918 0.041 2.038 0.019 1.016 0.072 

24 vnz_12065 CDS -1 
energy-dependent translational throttle protein 

(ettA) 
1.904 0.025 1.425 0.026 - - 

25 vnz_23210 CDS 1 transglycosylase domain-containing protein 1.837 0.080 2.120 0.007 - - 

26 vnz_06150 CDS -1 
cysteine--1-D-myo-inosityl 2-amino-2-deoxy-

alpha-D-glucopyranoside ligase (mshC) 
1.830 0.003 1.519 0.047 - - 

27 vnz_15670 CDS -1 NAD(P)-dependent epimerase 1.793 0.003 1.227 0.026 - - 

28 vnz_16260 tRNA -1 tRNA-Thr (cgt) 1.774 0.001 1.536 0.038 - - 

29 
vnz_05845 CDS -1 translation initiation factor IF-3 (infC) 

1.771 0.002 1.569 0.034 - - 
vnz_05850 CDS 1 DUF1844 domain-containing protein 

30 
vnz_18100 CDS -1 Hypothetical protein 

1.769 0.010 1.763 0.037 1.006 0.049 
vnz_18105 CDS 1 30S ribosomal protein S6 (rpsF) 

31 vnz_21710 CDS 1 30S ribosomal protein S8 (rpsH) 1.726 0.035 1.271 0.046 - - 

32 vnz_18805 tRNA -1 tRNA-Ser (gga) 1.689 0.045 1.398 0.050 - - 

33 vnz_26635 CDS 1 30S ribosomal protein S15 (rpsO) 1.657 0.014 1.520 0.055 - - 

34 vnz_18955 tRNA -1 tRNA-Asp (gtc) 1.634 0.015 1.291 0.030 - - 

35 vnz_05370 CDS -1 30S ribosomal protein S4 (rpsD) 1.608 0.044 1.455 0.090 - - 

36 
vnz_20490 CDS -1 hypothetical protein 

1.596 0.091 - - - - 
vnz_20495 CDS 1 MarR family transcriptional regulator 

37 vnz_27285 CDS 1 peptidase 1.591 0.029 1.796 0.016 - - 

38 vnz_15740 CDS 1 tryptophan--tRNA ligase 1.578 0.008 1.357 0.030 - - 

39 vnz_21600 CDS 1 30S ribosomal protein S12 (rpsL) 1.570 0.006 1.420 0.010 - - 

40 
vnz_18500 CDS -1 hypothetical protein (SSI-like) 

1.558 0.035 1.164 0.027 - - 
vnz_18505 tRNA 1 tRNA-Ser (gct) 

41 vnz_14860 tRNA -1 tRNA-Ala (cgc) 1.546 0.032 1.431 0.053 - - 
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42 vnz_02185 CDS 1 cold shock domain protein (cspD) 1.533 0.022 1.571 0.050 - - 

43 vnz_26515 CDS 1 translation initiation factor IF-2 (infB) 1.518 0.011 1.323 0.002 - - 

44 vnz_25905 tRNA 1 tRNA-Gln (ctg) 1.514 0.002 1.215 0.027 - - 

45 
vnz_18400 CDS -1 RsbU-like phosphatase 

1.485 0.078 1.777 0.033 - - 
vnz_18405 CDS 1 DNA primase 

46 vnz_21460 CDS 1 50S ribosomal protein L10 (rplJ) 1.469 0.010 1.314 0.050 - - 

47 vnz_32255 CDS -1 GNAT family N-acetyltransferase 1.441 < 0.001 1.755 0.044 - - 

48 vnz_18840 tRNA -1 tRNA-Gly (gcc) 1.437 0.039 - - - - 

49 
vnz_14210 tRNA -1 tRNA-Leu (bldA) 

1.434 0.051 1.646 0.051 - - 
vnz_14215 CDS 1 ABC transport ATPase 

50 
vnz_05280 CDS -1 

bifunctional pyr operon transcriptional 

regulator/uracil phosphoribosyl transferase (pyrR) 1.431 0.045 1.251 0.062 - - 

vnz_05285 CDS 1 transcriptional regulator (bldD) 

51 vnz_12630 CDS 1 AraC family transcriptional regulator (adpA) 1.376 0.020 1.483 0.033 - - 

52 vnz_05295 CDS -1 elongation factor P (efp) 1.373 0.021 1.053 0.035 - - 

53 
vnz_26000 CDS -1 50S ribosomal protein L28 (rpmB) 

1.346 0.040 1.309 0.041 - - 
vnz_26005 CDS 1 dihydroxyacetone kinase 

54 vnz_26070 CDS 1 hypothetical protein 1.282 0.079 2.137 0.027 - - 

55 
vnz_11515 tRNA -1 tRNA-Ala (ggc) 

1.263 < 0.001 1.302 0.026 - - 
vnz_11520 CDS 1 hypothetical protein 

56 vnz_26145 CDS 1 30S ribosomal protein S16 (rpsB) 1.258 0.019 - - - - 

57 
vnz_24620 CDS -1 hypothetical protein 

1.240 0.002 1.057 0.035 - - 
vnz_24625 CDS 1 histidine kinase (cvnA5) 

58 
vnz_16930 CDS -1 dCTP deaminase 

1.230 0.030 1.523 0.049 - - 
vnz_16935 tRNA 1 tRNA-Gly (ccc) 

59 vnz_12640 tRNA 1 tRNA-His (gtg) 1.211 0.053 1.075 0.028 - - 

60 
vnz_07970 CDS -1 30S ribosomal protein S1 (rpsA) 

1.210 0.041 1.016 0.045 - - 
vnz_07975 CDS 1 SAM-dependent methyltransferase 

61 vnz_11015 tRNA -1 tRNA-Asn (gtt) 1.200 0.016 1.167 0.053 - - 
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vnz_11020 CDS 1 hypothetical protein 

62 vnz_25525 CDS 1 GGDEF-domain containing protein (rmdB) 1.193 0.002 - - - - 

63 
vnz_21010 CDS -1 cold-shock protein (scoF2) 

1.181 0.040 1.326 0.047 - - 
vnz_21015 CDS 1 menaquinone biosynthesis protein (mqnD-like) 

64 vnz_21470 CDS 1 DNA-directed RNA polymerase subunit beta 1.155 0.026 1.019 0.054 - - 

65 vnz_18510 tRNA 1 tRNA-Arg (acg) 1.153 0.021 1.365 0.022 - - 

66 
vnz_06560 CDS -1 lipase 

1.151 0.028 1.166 0.031 - - 
vnz_06565 CDS 1 glycosyl transferase 

67 
vnz_11775 tRNA -1 tRNA-Pro (tgg) 

1.129 0.004 1.077 0.070 - - 
vnz_11780 tRNA 1 tRNA-Gly (tcc) 

68 vnz_04915 CDS 1 hypothetical protein (rbpA) 1.108 < 0.001 1.204 0.038 - - 

69 vnz_15145 CDS 1 DUF397 domain-containing protein 1.100 0.014 1.327 0.050 - - 

70 vnz_12750 tRNA 1 tRNA-Lys (ctt) 1.092 0.027 1.042 0.036 - - 

71 
vnz_15035 CDS -1 RNA polymerase subunit sigma (hrdD) 

1.083 0.003 1.368 0.044 - - 
vnz_15040 CDS 1 hypothetical protein 

72 vnz_18200 CDS 1 IclR transcriptional regulator (ssgR) 1.079 0.063 - - - - 

73 vnz_21445 CDS 1 50S ribosomal protein L11 (rplK) 1.054 0.007 - - - - 

74 
vnz_17835 tRNA -1 tRNA-Leu (cag) 

1.050 0.006 1.108 0.035 - - 
vnz_17840 CDS 1 phospho-peptide binding protein 

75 vnz_25170 CDS 1 superfamily 1 helicase 1.023 0.034 1.404 0.038 - - 

76 
vnz_10615 tRNA -1 tRNA-Val (tac) 

1.019 0.021 - - - - 
vnz_10620 CDS 1 hypothetical protein 

77 
vnz_18990 tRNA -1 tRNA-Glu (ttc) 

1.014 0.011 - - - - 
vnz_18995 CDS 1 minimal metalloprotease domain protein 

78 
vnz_24420 CDS -1 DNA-binding protein 

1.003 0.025 - - - - 
vnz_24425 CDS 1 transcriptional regulator 

Group 2 Promoters 

79 vnz_11300 CDS -1 2-isopropylmalate synthase (leuA) - - 1.861 0.038 - - 
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vnz_11305 CDS 1 peptidase M4 family protein 

80 vnz_25720 CDS 1 3-isopropylmalate dehydrogenase (leuB) - - 1.681 0.022 - - 

81 vnz_21445 CDS 1 50S ribosomal protein L11 - - 1.638 0.037 - - 

82 vnz_25750 CDS 1 citramalate synthase (cimA) - - 1.500 0.042 - - 

83 vnz_05000 CDS 1 TVIISS AAA ATPase (eccA) - - 1.447 0.026 - - 

84 vnz_19975 CDS -1 glucosyl-3-phosphoglycerate synthase 
- - 1.273 0.026 - - 

85 vnz_19980 CDS 1 threonine synthase 

86 vnz_05520 tRNA -1 tRNA-Val (cac) - - 1.224 0.027 - - 

87 vnz_15785 CDS -1 dihydroxy-acid dehydratase - - 1.088 0.050 - - 

88 vnz_24255 CDS -1 WhiB family transcriptional regulator (wblE) - - 1.067 0.009 - - 

89 vnz_28740 CDS -1 extradiol dioxygenase 
- - 1.041 0.077 - - 

90 vnz_28745 CDS 1 aconitate hydratase 1 

91 vnz_14230 CDS -1 NADH dehydrogenase - - 1.012 0.081 - - 

92 vnz_02595 CDS -1 LuxR family transcriptional regulator - - 1.003 0.017 - - 

Atypical Group Promoters 

93 

vnz_07000 rRNA -1 16S ribosomal RNA 

1.788 0.008 1.443 0.021 - - vnz_07005 CDS 1 hypothetical protein 

vnz_07010 CDS -1 3-methyladenine DNA glycosylase 

94 

vnz_19125 CDS 1 MarR family transcriptional regulator 

1.692 0.011 1.506 0.032 - - vnz_19130 CDS -1 hypothetical protein 

vnz_19135 rRNA 1 16S ribosomal RNA 

95 

vnz_13570 rRNA -1 16S ribosomal RNA 

1.686 0.030 1.476 0.029 - - vnz_13575 CDS 1 hypothetical protein 

vnz_13580 CDS -1 hypothetical protein 

96 
vnz_18410 CDS 1 hypothetical protein 

1.035 0.033 1.814 0.034 - - 
vnz_18415 CDS -1 topoisomerase II 

97 
vnz_28985 CDS 1 hypothetical protein 

1.003 0.026 1.149 0.021 - - 
vnz_28990 CDS -1 (Secreted) polysaccharide deacetylase 
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5.3.1. WblE is a Predominantly ‘Bald’ Developmental Regulator 

To date, all studied WhiB-like proteins have been key regulators of reproductive ‘white’ 

developmental decisions, with the exception of the non-developmental WblC which does, 

however, bind the wblE promoter (Lee et al., 2020). On the contrary, ChIP-seq revealed that 

WblE predominantly binds ‘bald’ developmental genes (Figure 5.3). Most notably, WblE was 

enriched at the divergent bldD (vnz_05285) promoter, encoding the master developmental 

repressor which senses c-di-GMP to globally repress genes involved in reproductive growth, 

amidst its broad regulon (Tschowri et al., 2014). Moreover, WblE binds to the promoter of the 

highly conserved (GGDEF/EAL) c-di-GMP phosphodiesterase (PDE) rmdB gene during tp1, 

which catabolises c-di-GMP to ultimately promote development via BldD (Tschowri et al., 2014; 

Al-Bassam et al., 2018).  

Intriguingly, WblE does not bind to c-di-GMP anabolic enzymes such as cdgB, thus, presenting 

an intriguing case of a regulator that may coordinate production of both the sensor and 

catabolism of its ligand. The other developmental promoters bound by WblE comprise two key 

targets of BldD; the rare tRNA bldA (Leu:UAA) and the contingent, TTA-containing gene adpA 

(also known as bldH), which are essential for the onset of the extracellular proteolytic cascade, 

aerial development and antibiotic production (Takano et al., 2003; Hirano et al., 2006; Płachetka 

et al., 2021). In S. lividans AdpA represses the expression of wblE, implying that this cascade 

involves a feedback loop (Guyet et al., 2014).  

In possible contradiction to this ‘bald’ developmental paradigm, the promoter of ssgR was also 

enriched in the WblE ChIP-seq dataset (Table 5.1: no.72); the gene product appears to play an 

intermediary function between early and late reproductive cell-division. In S. coelicolor, ssgR is 

transcribed independently of any typical Whi-regulators but is crucial for activation of the cell-

division gene ssgA, and mutants consequentially yield white colonies defective in sporulation 

(Traag et al., 2004). There are functional discrepancies with the S. griseus homologue ssfR, 

which does not regulate ssgA but yields a similar phenotype (Jiang & Kendrick, 2000). 

Comparatively little is known about ssgR in S. venezuelae, but its transcription is dependent on 

the early developmental regulator BldM (Al-Bassam et al., 2014); this characteristic will become 

important later in this thesis. 

 

5.3.2. WblE is Enriched at the dnaA Promoter 

Chromosomal replication and partitioning between daughter cells are central to cell-

division and predominantly controlled at the initiating step. In bacteria, the conserved dnaA gene 

encodes the initiating protein for DNA replication and often sits at the heart of developmental 

programs. DnaA binds ‘DnaA-box’ sequences at the origin of replication (oriC), oligomerising in 
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an ATP-dependent manner to form the nucleoprotein ‘pre-replication complex’, which promotes 

the subsequent recruitment of the DNA replication machinery (e.g. DNA Polymerase III), 

concomitant with melting of the oriC DNA duplex, forming the replication fork (Atlung & Hansen, 

1993; Miller et al., 2009; Katakayama & Sekimizu, 1999).  

The dnaA promoter was enriched throughout the WblE ChIP-seq experiment (Figure 5.2.b) 

indicating a significant and constitutive role for WblE in regulating dnaA expression and, 

consequentially, cell-cycle progression. The developmental activator AdpA binds and 

sequesters the 5’ region of oriC to suppress DnaA binding and oligomerisation (Wolański et al., 

2012). It is intriguing, therefore, that AdpA also negatively regulates wblE S. lividans (Guyet et 

al., 2014) and that the adpA promoter is itself bound by WblE in S. venezuelae.  

DNA primase-polymerases (PrimPols) are emerging enzymes which synergise with the 

replicative DNA Polymerase III to simultaneously promote replication and continuous replication 

fork progression in eukaryotes and archaea (Díaz-Talavera et al., 2022). Functional homologues 

exist in bacteria but are poorly studied in vivo (García-Quintans et al., 2020). One such 

conserved PrimPol gene in Streptomyces spp., vnz_18405 was also bound by S. venezuelae 

WblE (divergently encoded from an RsbU-like protein - Section 5.3.5) and may be involved in its 

replicative function. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. WblE ChIP-seq enrichment peaks associated with (a) development, and (b) the cell cycle replication 

initiator dnaA, and putatively associated locus encoding a PrimPol-like product. Maximum log2 fold change is 

labelled at peak apex. Blue (tp1); red (tp2); green (tp3). 

(a) 

(b) 
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5.3.3. WblE Shares Ancestral Functions with its Orthologue, WhiB1 

M. tuberculosis WhiB1 has been shown to bind its own promoter in vitro and a similar 

situation seems apparent for its Streptomyces counterpart, suggesting autoregulation is 

common for WblE homologues (Smith et al., 2010). The ‘blocky’ nature of the wblE peak was 

intriguing but hard to explain, possibly indicating unique binding configurations at its own 

promoter (Figure 5.4). In addition to its own promoter, WhiB1 binds and regulates the espA-

espC-espD operon of M. tuberculosis, in vivo (Kudhair et al., 2017; Garces et al., 2010). The 

cluster encodes components indispensable for ESX-1 (Type VII secretion) mediated virulence 

(Garces et al., 2010; Chen et al., 2012) and is specifically associated with pathogenic 

mycobacteria and is absent from non-parasitic species, including Streptomyces spp. Even so, 

WblE was found to bind a homologue of the cytosolic CbxX-family ATPase eccA (vnz_05000), 

which is also essential for ESX-1 mediated virulence in M. tuberculosis.  

Intriguingly, the eccA gene is distally encoded from the rest of the Streptomyces TVIISS 

components, akin to M. tuberculosis espACD. Investigation has, so-far, eluded eccA but the 

functions for most components of Streptomyces TVIISS machinery remain enigmatic as mutants 

lack clear phenotypes (Fyans et al., 2013). In contrast, the known TVIISS substrates, EsxA and 

EsxB, play roles in reproductive growth and chromosomal organisation, seemingly independent 

of secretion (San Roman et al., 2010; Fyans et al., 2013). The presence of targets similar to those 

identified for M. tuberculosis WhiB1 was intriguing and both enriched genes were among the 

group two genes, suggesting a specific importance for their (positive or negative) regulation 

during the onset of aerial growth (tp2, 25.5hr).  

The essential chaperone groEL, is also direct target of M. tuberculosis WhiB1 but the 

homologous gene promoter in S. venezuelae was absent from the ChIP-seq data (Stapleton et 

al., 2012).  

 

  

 

 

 

 

 

 

Figure 5.4. WblE ChIP-seq enrichment peaks for the wblE and eccA 

promoters.  Maximum log2 fold change is labelled at peak apex. (tp1) blue; 

(tp2) red; (tp3) green. 
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5.3.4. A Translational Gene-set Dominated the WblE ChIP-seq Data 

Translation is central to the function of cells and many of the core and adaptive 

components are conserved, highly expressed and essential for cell growth and survival 

(Bubunenko et al., 2007). Of the nearly 100 unique sites of enrichment identified by WblE ChIP-

seq, a staggering proportion were associated with genes relating to translation and the 

ribosome, including ribosomal (r)RNA, transfer (t)RNAs and ribosomal proteins (RPs).  

A total of 24 ribosomal proteins and 31 of the 68 tRNA genes in S. venezuelae were significantly 

enriched in the WblE ChIP-seq. Several tRNAs formed possible operons with additional tRNA 

genes, pushing the proportion much higher. In addition, five rRNA genes also had nearby peaks; 

three rRNA loci exhibited remarkably similar gene arrangements which were associated with an 

atypical WblE enrichment peak (Table 5.1: no. 93 - 95), situated within a neighbouring 

hypothetical gene. In addition, the promoter regions of two predicted RNA helicase genes 

(vnz_19005; vnz_25170) which could process or maintain transcribed rRNA and tRNA were also 

enriched in the data (Figure 5.5).  

There has been concern expressed that highly expressed genes such as rRNAs, tRNAs and 

RPs, may occur as ‘false-positives’ in Wbl ChIP-seq experiments due to the happenstance cross-

linking of Wbl proteins competing for HrdB which is already occupying these promoters (Mark 

Buttner, personal communication). Nevertheless, tRNAs, ribosomal proteins and RNA 

processing enzymes have appeared in all Wbl ChIP-seq experiments to date; in addition, 

deletion of whiB dysregulates RNA processing enzymes, while deletion of wblC affects ribosomal 

composition (Bush et al., 2015; Lee et al., 2022). Other transcription factors which stably interact 

with the principal sigma factor, including RbpA (and CarD in M. tuberculosis) are also known to 

broadly influence binding and regulation of tRNA, RP and rRNA genes (Stallings et al., 2009; 

Tabib-Salazar et al., 2013; Šmídová et al., 2021).  
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Figure 5.5. A range of WblE ChIP-seq enrichment peaks associated with translational processes, including 

promoters associated with ribosomal proteins stable tRNA and rRNA genes (EF =  Elongation Factor). 

Maximum log2 fold change is labelled at peak apex. (tp1) blue; (tp2) red; (tp3) green. 

 

Figure 5.6. A range of WblE ChIP-seq enrichment peaks associated with the function of the RNA Polymerase 

and Transcription. Maximum log2 fold change is labelled at peak apex. (tp1) blue; (tp2) red; (tp3) green. 
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5.3.5. WblE Enriched Upstream of Genes Encoding RNA Polymerase Components 

The ChIP-seq results indicated that WblE also bound to the promoters of the RNA 

polymerase β-subunit (vnz_21470; rpoB) and the σ-binding transcription factor gene rbpA 

(vnz_04915). Notably, WblE also bound to the divergent hrdD / orfX (vnz_15035 / vnz_15040) 

promoter; it has previously been predicted that the transcription of these two genes is linked as 

a consequence of the overlapping nature of their TSSs (Buttner et al., 1990). The hrdD gene 

encodes a Class II σ-factor with sequence specificity similar to that of housekeeping σHrdB but it 

lacks key residues in region 4.2 necessary for interaction with WblE.  

In addition to the physical RNA polymerase components, the promoter of a gene encoding a 

putative RsbU homologue, divergently encoded from a putative DNA PrimPol (Section 5.3.3.1), 

was also enriched in the ChIP-seq dataset. RsbU-like phosphatases are typically regulators of 

multi-component (RsbUVW) anti-sigma-factor phosphorylation cascades, which ultimately 

influence RNA polymerase composition and promote expression of stress-response pathways 

via alternative sigma factors (more detail in Section 6.3.6).  

These results suggest a broad role for WblE in regulating RNA Polymerase composition both 

directly (rpoB, rbpA, hrdD) and indirectly (vnz_18400), thereby also influencing its own ability to 

participate in transcription.  

 

5.3.6. WblE Enriched at the Promoters of Primary Metabolic Genes 

5.3.6.1. Specific Aspects of Amino Acid Metabolism 

A portion of the genes enriched in the ChIP-seq dataset related to primary metabolism. 

In particular, two L-leucine biosynthetic genes, isopropylmalate synthase (leuA – vnz_11300) 

and dehydrogenase (leuB – vnz_25720), were among the group 2 genes specifically enriched 

during tp2 (Table 5.1: no.79 - 80). Intriguingly, temporal control over the flux of the branched 

amino acid leucine has an underlying importance in development and secondary metabolism 

and BldD binds upstream of leuA to repress this biosynthetic pathway during vegetative growth. 

This may be related to the developmental function of the rare leucine tRNA (bldA), which is also 

bound by both WblE and BldD (Section 5.3.1; den Hengst et al., 2010).  

 

5.3.6.2. Central Carbon Metabolism  

The citric acid cycle sits at the centre of carbon metabolism, within which the succinate-

CoA ligase (SCL) catalyses the reversible conversion between succinyl-CoA and succinate and 

is a vital component for cellular metabolism and energy generation. The enzyme functions as a 

heterodimer or tetramer assembled from α- (SucD) and β- (SucC) subunits, typically favouring 

the generation of succinate. The standalone importance of SCL is exemplified by the fact that it 
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is the only enzyme in the citric acid cycle that catalyses substrate-level phosphorylation of GDP 

and ADP to form the high-energy triphosphates, GTP and ATP respectively (Murakami et al., 

1972; Schürmann et al., 2011). The α- and β-subunits are generally encoded within the same 

operon and the corresponding sucC-sucD operon in S. venezuelae (vnz_22160 – vnz_22165) 

was significantly enriched within the WblE ChIP-seq data (Table 5.1: no. 21). Succinyl-CoA 

serves as a primary entry point into the citric acid cycle for the branched chain amino acids, 

valine, isoleucine and methionine. In addition, succinyl-CoA also supplies fatty acid anabolism 

and synthesis of the haem precursor, δ-aminolaevulinic acid (Stojanovski et al., 2009; Russell & 

Taegtmeyer 2013). Therefore, via regulation of SCL, WblE could exert potent metabolic and 

respiratory control by managing the flux of succinyl-CoA. This group of genes also includes the 

crr-ptsI (vnz_04720 – vnz_04725) sugar phosphotransferase operon. 

 

5.3.6.3. Putative Glycerophospholipid Biosynthesis Targets 

WblE bound the promoters of two promoter regions associated with the metabolism of 

membrane phospholipids and their glycosylation. The vnz_15670 – vnz_15665 operon stood out 

as it is conserved in Streptomyces spp., encoding an enzyme with strong homology to the 

lysophosphatidic acid (sn-1-acylglycerol-phosphate) acyltransferases (LPAATs or AGPATs); 

crucial enzymes that function between the ‘Kennedy’ and ‘Lands’ cycles, which are necessary 

for the de novo biosynthesis of glycerophospholipids and the dynamic remodelling of their fatty 

acid composition, respectively. The gene preceding this in the operon is an enzyme with close 

homology to NDP-sugar epimerases, which are often closely linked with cell envelope and cell 

wall glycosylation. For example, GalE catalyses the interconversion of UDP-4-Galactose and 

UDP-4-Glucose which is necessary for the synthesis of complex glycosphingolipids and cell-wall 

glycans.  

The other promoter bound by WblE was divergently positioned between a conserved lipid 

esterase (vnz_06560) shown to have true lipase activity (TAG + H2O → DAG + fatty acyl)  in S. 

coelicolor A3(2), and the less-well conserved vnz_06565 – vnz_06570 operon which encodes a 

pair of unstudied family-2 glycosyl transferases (Bielen et al., 2009). The latter gene encodes an 

undefined member of this glycosylase family, but the former encodes a DPM1-like enzyme, 

which function in the synthesis of polyprenol-phosphate mannose donors for extracellular 

glycosylation reactions (See also Section 6.3.9).  
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5.3.6.4. Major Respiratory Enzyme Targets 

Prior to this doctoral research, WblE was found to be a direct target of the (NADH:NAD+)-

sensor/regulator Rex, which controls the expression of important aerobic respiratory enzymes 

in S. avermitilis (Liu et al., 2017). Concurrent with this, amongst genes relating to primary and 

intermediary metabolism were those relating to aerobic respiration in Streptomyces spp. 

Notably, the ChIP-seq dataset indicated significant binding to the divergent promoter of the 

mqnD gene, encoding an enzyme which catalyses the conversion of cyclic dehypoxanthine 

futalosine to 5,8-dihydroxy-2-naphthoic acid, an important step in the futalosine menaquinone 

(MK) biosynthesis pathway (described in more detail in Section 6.3.4.1 – Hiratsuka et al., 2008; 

Manion-Sommerhalter et al., 2021). A discernible but sub-significant level of enrichment was 

also manually observed at the MK-dependent NADH-quinone oxidoreductase operon 

nuoACDEFGHILKMN (vnz_21055 – 21120) cluster, encoding essential components of 

respiration and aerobic growth that are also under the control of Rex (Liu et al., 2017).  

 

 

 

 

 

 

 

Figure 5.7. WblE ChIP-seq peaks associated with S. venezuelae NRRL B-65442 primary metabolism. 

Maximum log2 fold change is labelled at peak apex. (tp1) blue; (tp2) red; (tp3) green. 
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5.3.7. WblE is Enriched at Promoters for Molecular Antioxidants and Osmolyte Synthesis  

Mycothiol (MSH), is the evolutionarily unique LMW thiol found only in Actinobacteria and 

is an effective antioxidant of nitric oxide (see Section 1.6.2.2). The biosynthetic pathway consists 

of five enzymatic steps involving a glycosyltransferase (MshA), a phosphatase (MshA2), a 

deacetylase (MshB), a cysteine ligase (MshC) and finally the mycothiol synthase (MshD). The 

ChIP-seq data indicates that WblE binds to the mshC (vnz_06150) promoter and hence may 

directly regulate MSH biosynthesis; deletion of the homologous gene (Δsco1633) in S. coelicolor 

abolishes MSH biosynthesis (Park and Roe 2008; Nakajima et al., 2015). Intriguingly, deletion of 

wblC/whiB7 dampens mycothiol synthesis, presumably via loss of induction of sigR (Burian et 

al., 2012; Yoo et al., 2016), encoding the thiol-oxidative response sigma factor (σR). However, 

this is the first evidence suggesting that a Wbl protein may directly regulate MSH biosynthesis 

(Figure 5.8).  

WblE also bound the divergent promoter of a putative glucosyl- (gpgS) or mannosyl-3-

phosphoglycerate synthase (mpgS) gene; enzymes that synthesise the precursors to the 

compatible solutes Glucosylglycerate (GG) or Mannosylglycerate (MG), respectively (Figure 

5.8). These compounds are widespread throughout bacteria and accumulate under osmotic 

stress and nitrogen starvation, but their true functions and mechanisms are elusive (Empadinhas 

& da Costa, 2010). Streptomyces spp. are only known to produce GG and thus further reference 

to the vnz_19975 will refer to it as gpgS; In Streptomyces spp. specifically, the role of GG as an 

osmolyte is supported by reports from S. caelestis, whereby intracellular concentrations are 

induced during growth with elevated salt concentrations (Pospíšil et al., 2007). The gpgS gene 

forms an operon with vnz_19970 (hypothetical).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. WblE ChIP-seq peaks associated with synthesis of  MSH and the 

osmolyte GG (or MG) in S. venezuelae NRRL B-65442. Maximum log2 fold 

change is labelled at peak apex. (tp1) blue; (tp2) red; (tp3) green. 
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5.3.8. Potential Regulation of Secondary Metabolite Synthesis by WblE 

Amongst the set of enriched promoters, one preceding a gene encoding a ‘Large ATP-

binding LuxR’ (LAL) type regulator, was of particular interest as it was situated within a cryptic 

secondary metabolite BGC, resembling a typical Lantibiotic gene cluster (BGC#5; Chapter 1, 

Table 1.1). In addition, enrichment was observed for scr2 (vnz_15145), encoding a homologue 

of BldB which cooperates with Scr1 (vnz_15140) to positively regulate secondary metabolism in 

a range of Streptomyces spp. (Santamaría et al., 2018).  

These findings prompted additional searches for enrichment peaks in known S. venezuelae 

secondary metabolite BGCs. Remarkably, convincing peaks were found in several BGCs, just 

below the statistical cut off. These included a peak between the divergently encoded 

chloramphenicol transporter genes cmlF and cmlN (vnz_04410, 04415), the Foroxymithine 

siderophore biosynthetic genes, cchA and cchB (vnz_34770, 34775), and a distantly encoded 

ferric siderophore reductase (vnz_05960; Figure 5.9). Curiously, the S. venezuelae 

aminodeoxychorismate synthase operon (vnz_05575 – vnz_05570; pabB – pabA) sits at a 

divergent promoter with several tRNAs, that were also common ChIP-seq hits (Table 5.1: no.16). 

The encoded heterodimeric enzyme diverts chorismate away from aromatic amino acid 

synthesis, to complete the first shared step in the biosynthetic pathways of folate (an essential 

metabolite) and the secondary metabolite, chloramphenicol (Chang et al., 2001).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. WblE ChIP-seq peaks associated with S. venezuelae NRRL B-65442 secondary metabolite 

biosynthesis. Red stars indicate visually discernible but sub-significant peaks, identified by manual 

inspection of the data. Maximum log2 fold change is labelled at peak apex. (tp1) blue; (tp2) red; (tp3) green. 
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5.4. Identifying a Putative Consensus DNA-binding Motif for WblE 

5.4.1. MEME-ChIP 

In order to identify a potential consensus sequence, MEME-ChIP was performed 

(https://meme-suite.org/meme/tools/meme-chip), which provides comprehensive discovery and 

analysis of potential transcription factor binding sites in larger data sets. The atypical group 

peaks were not included in this analysis as they were most likely to represent spurious hits. No 

limit was set for the distance of a peak to the potentially regulated gene(s), to be included in the 

analysis. Sequences were searched for three motifs between 10bp and 15 bp (~1.0 – 1.5 turns). 

Typically, a 50 bp central region is used, however this was extended to 100bp as the resolution 

was expected to be lower due to extended regions of cross-linking resulting from the RNA 

polymerase in complex (Bailey et al., 2015). Nevertheless, multiple searches were run under 

second and third order background models with varying central regions (50 – 200 bp) and these 

predominantly returned the same albeit less well-defined motifs, arbitrarily named MEME-1 (M1) 

to MEME-3 (M3) (Figure 5.10.a). Centrimo identified several degenerate (centrally recurring) M1 

motifs which may contribute to binding, each conserving a contiguous A/T-rich sequence (e.g. 

TTT/ATT and their complements; Figure 5.9.a). WhiB and WblC were shown to bind similar AT-

rich regions preceding the -35 site (Lilic et al., 2021; 2023).  

 

5.4.1.1 RNA Polymerase Architecture Reflected in MEME Results 

Spaced Motif Analysis Tool (SpaMo) runs alongside MEME-ChIP and infers interactions 

between transcription factors based on conserved spacing between predicted binding sites in 

different promoters. SpaMo identified conserved 20-22 bp spacing (end to end) between M1 

and M2, in multiple promoters, resembling the spacing between the -10 bp and -35 bp promoter 

elements (Figure 5.10.b). In accordance with this, the M2 consensus closely resembles the -10 

bp site for σHrdB in S. coelicolor and S. lividans (Jeong et al., 2016; Šmídová et al., 2018; Lee et 

al., 2019). In the probabilistic visualization of all three MEME motifs, the position of M3 sites tends 

to exhibit a bimodal distribution which clusters either side of M1 sites (Figure 5.10.c). It is 

possible that this alludes to the existence of a co-regulator acting with WblE, although observable 

similarities in MEME-3 and MEME-2 sequence and distances from M1, suggest this is simply a 

variant -10 bp site (Figure 5.10.a). By process of elimination, M1 was deemed most likely to 

represent the wblE consensus binding motif. 

 

 

 

 

https://meme-suite.org/meme/tools/meme-chip
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Figure 5.10. (a) The MEME-1 to MEME-3 consensus motifs, predicted by MEME-ChIP, with degenerative motifs 

identified by CentriMo listed beneath. Note that for M1.5, alignment was carried out manually; (b) Spacing between M1 

(3’ end) and M2 (5’ end) resemble spacing between the -10 and -35 elements recognised by HrdB. (c) Probabilistic 

occurrence of motifs M1, M2 and M3 in WblE enriched promoters was calculated by SpaMo. The graph is arbitrarily 

centred on M2 (-10) which was the most consistently positioned motif among WblE-bound promoters. 

(a) 

(b) 

(c) 
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5.4.2. Comparing Architecture of WhiB-like Associated -35 sites 

An established paradigm in Wbl biochemistry is the interaction with σHrdB – protecting 

the [4Fe-4S] cluster from oxygen-based degradation. Recently, structures of WhiB(A) and WhiB7 

have been solved in open promoter complexes with the RNAPol (αββ’ω) and RbpA, at their 

respective sepX and whiB7 promoters, via Cryo-EM; both proteins predominantly target the 

minor groove and make non-specific contacts with an A/T-rich stretch, upstream of the -35 

element (Lilic et al., 2021, 2023). It was hypothesised that a similar positioning will occur for 

WblE in complex with HrdB (Confirmed in Sections 6.3.1 and 6.4.1). As such, a second, more 

targeted approach was utilised, which compared the architecture of the -35 adjacent motif in 

WblE-bound promoters. 

Differential (d)RNA-seq facilitates the identification of transcriptional start sites (TSSs) by 

distinguishing between terminal 5’ triphosphates and 5’ monophosphate groups found on 

primary and processed transcripts, respectively. The previously existing time course dRNA-seq 

data for S. venezuelae (see Section 2.21.3) were used to predict the -35 sites for putative WblE 

target genes, with reference to available data on the σHrdB -35 consensus as guidance (Jeong et 

al., 2016; Šmídová et al., 2019; Lee et al., 2019). Predicted -35 hexamers for WblE targets, and 

an additional 10 bp preceding them, were aligned with the M1 consensus motif. In addition, 

comparisons were made to the analogous sequences from the sepX and whiB7 promoters. 

The results show that WblE, WhiB7 and WhiB bound promoters all display similar AT-rich 

stretches preceding the -35 bp element (Figure 5.11). However, WblE target promoters seem to 

strongly conserve a unique ‘(A/G)T’ dinucleotide sequence directly preceding the -35 element. 

The longer ‘(A/G)TTT’ sequence predicted in MEME-1 was likely the result of the simultaneous 

identification the -35 bp element, which often contain one or two 5’-T bases in Streptomyces 

spp. (Jeong et al., 2016; Šmídová et al., 2019; Lee et al., 2019 – Figure 5.12). It cannot be ruled 

out that these bases can influence binding; in the modified RNAPol-WhiB-sepX promoter 

structure, WhiB binds to the newly introduced T-bases of the engineered sepX -35 element, 

implying a significance for these positions in Wbl-recognition (Lilic et al., 2023). Additional A/T 

positions occurred frequently throughout -35 adjacent motifs of WblE-bound promoters; in 

particular, positions -6 to -9 (from the -35 site) were well-conserved and thus may also have a 

significant role in binding. Nevertheless, the potential importance of other less well conserved 

A/T positions for WblE-binding at individual promoters should not be disregarded. 
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   -7 -6 -5 -4  

___••••___   (-35) 

 

(1) WhiB & WhiB7 

CAGAAATCGG(TTGTGG)  WblC-wblC 

GCCAATTGGC(CGATGC) WhiB-sepX                      (native) 

GCCAATTGGC(TTGACA) WhiB-sepX*                     (modified) 

GGGCATACGC(TCGATG) WhiB-filP                      (predicted) 

GGACCGAGGG(GGCCGA) WhiB-26280                     (predicted) 

CGGCGAGGCG(GTCCTT) WhiB-whiG                      (predicted) 

  -8 -7 -6    -2 -1  

__•••___••   (-35) 

 

(2) WblE targets 

nnAAACCGRT(TTSnnn) M1 consensus 

GTAAACCGAT(TTCGTG)  tRNAMet                          (vnz_19045) 

CTTAACGGAT(TTGCGC)  tRNAMet                          (vnz_24025) 

GGACCCGGAT(TTCACT) tRNAAla                          (vnz_11540) 

AAAACCGGAT(TTCGTC) tRNAPro                          (vnz_16520) 

GGTGATCGAT(TGGGTG) ctc                             (vnz_14500) 

ACCAGTGAAT(TTCAAC) rpsF                            (vnz_18105) 

GAGATCGAAT(TTGCGA) asRNA*                          (vnz_18410) 

GGAGTCCGAT(TTGCCA) RNA Helicase                    (vnz_19005)  

GGTCCTCGGT(TAGCGA) pyrR                            (vnz_05280) 

ACCATTCGGC(TTGACG) bldD                            (vnz_05285) 

GAGAACTTGT(CACGCC) adpA                            (vnz_12630) 

ATAAGACAAC(ATCGGG) bldA                            (vnz_14210) 

TCAACTCCGC(TTGACC) eccA                            (vnz_05000) 

GGACAACAAC(TTGAAC) dnaA                            (vnz_17980) 

TGCCGGAAAA(TTGTCC) PrimPol                         (vnz_18405) 

TGAACGCGGT(CCCGCC) scr2                            (vnz_15145) 

CCCCGCCGAT(GCCCAC) mqnD                            (vnz_21015) 

GGAGAGCGCT(GCCCGT) rmdB                            (vnz_25525) 

CGGATCCGGT(TCGTAT) mshC                            (vnz_06150) 

GATCTGCGAT(TTAGGG) sucC-sucD                    (vnz_22160-65) 

CCGGTCGCGT(TCGTTC) SEST Lipase                     (vnz_06560) 

GGAAAAGCGG(GCCACA) PPM1-GT operon               (vnz_06565-70) 

TCCCTCGGAT(TACAAG) UGE-LPAAT operon             (vnz_15665-70) 

Figure 5.11. WhiB-like -35 consensus alignments. The -35 hexanucleotide sequence is enclosed by 

brackets. The ~4 bp Wbl A/T-recognition sequence, upstream of the -35 is highlighted in bold. Highly 

conserved A/T base positions are highlighted by dots at the top of columns. Conserved positions are 

numbered respective to the -35 element. 
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5.4.3 In silico Predictions for an Expanded WblE Regulon  

The 20 million read, 150 bp, paired-end Illumina sequencing defined a total nucleotide 

budget of 6×109 bp (20,000,000 × 150 × 2), providing 715-times coverage of S. venezuelae 

NRRL B-65442’s chromosome and plasmid (8.22 Mbp + 158 kbp), which was sufficient for 

detecting binding sites. However, all Wbls proteins tested so-far have bound over 100 

transcriptional units and, in this case, a greater nucleotide budget would likely be required to 

resolve the majority of peaks from the background and legitimate binding sites could have fallen 

below significance (personal communications, Dr. Govind Chandra, JIC; Bush et al., 2015; Lee 

et al., 2021). Therefore, it is very likely that additional binding sites for WblE exist. 

Using FIMO (MEME-suite), the complete M1 motif was exported from MEME-ChIP to FIMO and 

searched against the entire S. venezuelae NRLL B-65442 genome, including its mega-plasmid 

‘pvnz’ in the hope of identifying additional WblE targets. A total of 313 additional potential binding 

sites were identified under strict constraints (p = 1 x 10-4). Intriguingly, a large portion of high 

significance consensus sites sat directly in the centre of certain genes and, in some cases, 

seemed transcriptionally inert with no nearby TSSs (not shown). A selection of the most 

significant results from this analysis are shown in Table 5.2. Upon manual inspection of the ChIP-

seq data, a few of the promoters identified in silico possessed a consensus site with -35 spacing 

and sub-significant but discernible levels of enrichment, suggesting that the M1 consensus 

identified in this chapter was likely a legitimate WblE binding site (Figure 5.13). 

Figure 5.12.  Distinction of WblE (M1*) and 

- 35 derived sequences identified within the 

M1 consensus. 
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Table 5.2. High confidence MEME-1 FIMO hits against the Streptomyces venezuelae NRRL B-65442 genome. (+) denotes that the matched 

sequence is not the same or overlap with the putative -35 consensus, i.e. there is multiple consensus sites throughout the promoter and/or no 

-35 consensus. The peak column denotes (Y) visible but non-significant levels of enrichment at these promoters or (N) no visible enrichment. 

Several reiterated ChIP-seq peaks were identified and are highlighted at the base of the table for comparison.  

p-value Matched Seq. Locus tag Gene    •••   ••  (-35) Peak 

1.36 x10-6 GCGAACCGATTT vnz_18960 ATP-dependent RNA helicase (hrpA) GTAAATCGGT(TCGCCG) Y 

2.29 x10-6 GGGAACCGATTG vnz_05365 ATP dependent Regulator GGGAACCGAT(TGTACG) Y 

3.49 x10-6 GCGAACCGGTTT+ vnz_24730 CheY-like protein / tRNA-Arg GTAAAACCCG(GACGCA) Y 

5.32 x10-6 GGGAACGGGTTG vnz_05520 tRNA-Val TTTGAACGAA(GGGCGC) Y 

3.14 x10-5 GGAATCCCGTTT vnz_02815 Hypothetical GGAATCCCGT(TTGTCC) Y 

1.37 x10-7 GGAAACGGATTT vnz_20065 Chloramphenicol phosphotransferase TGAAATCCGT(TTCCGC) N 

6.60 x10-6 GGATACGGATTT vnz_23455 Hypothetical GTAAATCCGT(ATCCGC) N 

3.99 x10-6 GCGAACGGGTTT vnz_31025 Sirtuin SIRT7-like GTAAACCCGT(TCGCGG) N 

2.68 x10-5 CCGAACCGATTT vnz_11230 Glycine-tRNA ligase CCGAACCGAT(TTGATA) N 

3.96 x10-5 GGAAAACCGTTC vnz_20360 Phosphotransferase GGAAAACCGT(TCGCCG) N 

4.03 x10-5 GATATCCGATTT+ vnz_12710 Hypothetical GCCAAACTCA(GCGTAG) N 

7.24 x10-5 GTGTACGCATTT vnz_03985 Putative alpha beta hydrolase (TAP Domain) GTGTACGCAT(TTCGTC) N 

7.24 x10-5 GTGTACGCATTT+ vnz_04045 Putative NlpC P60 lipoprotein CGTTTCAGCT(CGGATT) N 

7.85 x10-5 GAAAACCCGTTG vnz_33870 TIGR02452 family GGAAAACCCG(TTGTCC) N 

9.31 x10-5 CGAAAACCGTTT* vnz_01680 Hypothetical CGAAAACCGT(TTGACG) N 

6.07 x10-6 GGAAACGCGTTT vnz_03980 LPAAT / sugar epimerase operon / N 

1.36 x10-5 GGGAACGGTTTT vnz_33085 50S ribosomal protein L31 / N 

1.50 x10-5 GGTCACGGATTT vnz_23695 Methyltransferase / N 

1.63 x10-6 GTAAACCGATTT vnz_19045 tRNA_Met GTAAACCGAT(TTCGTG) ChIP 

6.07 x10-6 GCAAACGGATTG+ vnz_06565 Glycosyl transferase GGAAAAGCGG(GCCACA) ChIP 

1.53 x10-5 GGAGTCCGATTT vnz_19005 RNA Helicase GGAGTCCGAT(TTGCCA) ChIP 

1.36 x10-5 GCGTACGGGTTT+ vnz_02605 Cryptic lantibiotic cluster / ChIP 

4.13 x10-5 GCACATGGATTT+ vnz_15035/40 hrdD / orfX / ChIP 
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5.5. ReDCaT Surface Plasmon Resonance (SPR) 

Surface plasmon resonance refers to the excitation of electrons by light, in a thin metal 

sheet, at a particular angle of incidence. The excited electrons travel in parallel to the metal 

sheet as an electromagnetic surface wave that is highly sensitive to any change in the 

environment, including the adsorption of analytes or biomolecular interactions at the interface 

with the conducting metal surface. Reusable DNA Capture Technology (ReDCaT) is an SPR 

technique which tests the interaction between designed biotinylated DNA probes and a purified 

DNA-binding protein, in vitro (Stevenson et al., 2013; Stevenson & Lawson, 2021). The following 

sections outline the employment of ReDCaT-SPR to test binding of WblE to the wblE and dnaA 

promoters that were enriched in the ChIP-seq data (Section 5.3.2 - 5.3.3), as well as binding of 

the response regulator MtrA to the wblE promoter (Section 1.4.6). Promoter fragments are 

numbered incrementally towards the start of the gene, thus ‘_p1’ represents the furthest 

promoter fragment from the start codon. It is notable that oxidation was not controlled under the 

experimental parameters used here. 

 

5.5.1. WblE binds its own promoter, in vitro 

Many transcriptional regulators bind their own promoters and autoregulate their 

expression, and there is evidence for this in some WhiB-like proteins; WblE appears to be no 

different with a significant peak observed in the ChIP-Seq data at time-point 2. To confirm this 

in vitro, oligonucleotides were designed to make double stranded DNA probes spanning the 

entire wblE promoter to use in ReDCaT SPR experiments. Each probe was annealed to the SPR 

chip in turn, and three concentrations of purified 6xHis-WblE (apo- / holo- mixture) were washed 

over the surface to check for binding of the protein to the DNA. Binding of WblE to the DNA 

probes gave very high responses. When these responses were normalized to the molecular 

weight of a WblE-C6xHis trimer, the %Rmax values were still above 300% at the highest protein 

Figure 5.13. Non-significant peaks in the ChIP-seq also identified by a FIMO search against the S. venezuelae 

NRRL B-65442 genome with the M1 motif. 
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concentration. This suggests WblE may binds strongly to its own promoter DNA, with potentially 

several multimers binding single oligos at a time.  

There was little evidence of sequence specific binding, as the %Rmax values were similar across 

all the DNA probes that were tested (Figure 5.14). Attempted optimisation of the methods, for 

example by lowering protein concentrations and/or increasing salt concentrations to reduce 

non-specific binding, did not bring the %RMax values down. Whilst this makes identifying a 

consensus binding site within the wblE promoter challenging, it can be noted that the lowest 

binding response was observed for fragment p16, which is predominantly in the coding region 

of wblE, suggesting there is some sequence-specificity for the promoter over coding regions of 

DNA. Similar multi-site binding was observed during DNase I footprinting of (M. tuberculosis) 

apo-WhiB1 over just a small stretch of whiB1 promoter DNA (Smith et al., 2010). Notably, A/T-

rich stretches which could function as binding sites are abundant throughout the wblE promoter, 

which has an uncharacteristic 56% GC ratio. The extent of binding across the wblE promoter 

could explain the ‘blocky’ nature of the WblE ChIP-seq peak (Section 5.3.3). Nevertheless, these 

data confirms that WblE likely regulates its own expression by binding its own promoter.  

 

 

 

Figure 5.14. DNA oligos were designed to cover the entire wblE promoter, 

and binding by WblE was tested by ReDCaT SPR. Binding was high across all 

DNA sequences tested, suggesting WblE binds very strongly to its own 

promoter, potentially at multiple sites. 
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5.5.2. WblE binds the dnaA promoter, in vitro. 

Among the most consistently and highly enriched genes in the ChIP-seq was the 

chromosomal replication initiator gene, dnaA, which is essential for cell-cycle progression. 

Binding of WblE to the dnaA promoter was tested via SPR; WblE solutions (apo- / holo- mixture) 

were diluted to 5nm, 50nm and 500nm. Binding of WblE to the dnaA probes gave high responses 

across all tested probes but normalization to the predicted maximum molecular weight of the 

WblE-C6xHis trimer, the Rmax values resolved to values between 40% and 120% (at the highest 

protein concentration). Three broad peaks (Figure 5.15) were bound at an Rmax ≥ 100% and 

exhibited remarkable equidistant spacing along the dnaA promoter. These peaks comprised 

“dnaA_p3, p4, p5”, “dnaA_p11, p12, p13”, and “dnaA_p19, p20, p21”. An additional single 

probe 40bp upstream of the gene’s start codon, dnaA_p26, was also bound at similar levels 

(Rmax 115%). 

As the most strongly bound probes, it was expected that these 10 sequences would possess 

multiple or strong matches to the WblE M1* consensus and were scanned for matches to the 

M1* motif (Figure 5.11), and aligned with the positional matrix described in Figure 5.11. An 

abundance of AT-rich segments matching the M1* sequence and format were discovered in all 

10 probes (Figure 5.15). Implying that purified WblE specifically targets A/T rich stretches which 

match the format of the M1* sequence preceding -35 elements. The apex of the ChIP-seq peak 

for dnaA (Section 5.3.2) falls in a region most conducive with WblE binding to dnaA_p19, 

dnaA_p20 or dnaA_p21, which encompass two key dnaA -35 elements (dRNA-seq, Section 

2.21.3), providing a strong indication that a role of WblE in vivo is activation of dnaA, at least 

under the standard lab conditions used here. 

Intriguingly, these results also suggest that WblE is capable of binding DNA fragments at multiple 

sites, or in different multimeric conformations, in vitro, whereby 33.3%, 66.6% and 100% Rmax 

values would represent the monomeric, dimeric and trimeric WblE species, respectively. With 

respect to this, dnaA_p11 contained a mirrored repeat, centred on the ‘(A/G)T’ dinucleotide 

sequence and dnaA_p5 possessed a tandem repeat which could represent WblE-multimer 

binding sites. Nevertheless, these data does not account for potential background noise (which 

could nonetheless be low); repeats with mutated or shuffled sequences could function as useful 

controls to rule this possibility out. 
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Figure 5.15. DNA oligos were designed to cover the entire dnaA promoter, and binding by WblE was 

tested by ReDCaT SPR. Binding was high across all DNA sequences tested, but there were four 

regions of apparent sequence specificity with >100% RMax from each broad peak were searched for 

M1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M1 Consensus Sequence:       gAAAccgRTt           

M1 Positional Consensus:   5’-(_•••___••_)-3’ 

 

                             _•••___••_           _•••___••_ 

dnaApFor_3:  5’-CGGTTGCGAAGTCCTCGCGCCGCCTCAGCCGATTGTCGGT 

                          •••___••_           _•••___••_        

dnaApFor_4:  5’-CAGCCGATTGTCGGTAGGCAGCACGTCATGACCCGTTTAG 

                            _•••___••_•••___••_     _••___•••_ 

dnaApFor_5:  5’-TCATGACCCGTTTAGCGGATCAGGCGGACAGCTCAGAGCG 

 

                                    

                                            _•••___••___•••_ 

dnaApFor_11: 5’-TGCTCACTCGGGGGCTCCAGAAATGATTCGTAGATGGCGG 

                          ••___•••_        _••___•••_ _•••___••_ 

dnaApFor_12: 5’-ATTCGTAGATGGCGGGACATCGCCTGGCTGTCACCGTGCG 

                                         _•••___••__•••___••_ 

dnaApFor_13: 5’-GGCTGTCACCGTGCGCCCACGAGTAGCTCGCAATACGCCC  

                                          

 

                                                     (-35)              _••___•••_   

dnaApFor_19: 5’-CAAACCGACCTGTCGCCACCCCCCATTGTGCACAGGCTGT 

                                _•••___••__•••___••_  (-35) 

dnaApFor_20: 5’-TTGTGCACAGGCTGTGGACAACAACTTGAACCACGTCATC 

                               _•••___••_      _•••___••_   

dnaApFor_21: 5’-TTGAACCACGTCATCCGGCGCGACTACCGTGGATGGACTC 

        

                                                

                                        _•••___••_      _•••___••_ 

dnaApFor_26: 5’-TCAGGGGACCTGCGAGAAAGCGTGCCCTGTGGCTGACGTT 

 

 

 

Ctrl                _••___•••_             _••___•••_ 

dnaApFor_16: 5’-TGCCCATCGGAGGCAGGCGGCAGCAGCCATCGACAACTCG 
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5.5.3. MtrA Binds with High Specificity to the wblE Promoter 

The OmpR-like response regulator MtrA, part of the conserved actinobacterial MtrAB(-

LpqB) two component system, is an important global regulator broadly coordinating 

development and metabolism in Streptomyces spp. More specifically, MtrA appears to function 

as a developmental regulator by binding the dnaA promoter and the promoters of the 

morphogenetic protein encoding genes adpA, chpC-H, bldM, whiI, and bldG. In agreement with 

this, mtrA mutants exhibit defects in cell-morphology and conditionally bald phenotypes, 

accompanied by dysregulated antibiotic synthesis (Som et al., 2017a; 2017b; Zhang et al., 2017). 

More recently, it has been demonstrated that MtrA also antagonizes GlnR-mediated activation 

of nitrogen metabolism, by competing for GlnR-boxes (GTnAC-n6-GTnAC), thus, establishing 

the gene product as a key coordinator of early developmental decisions and primary and 

secondary metabolism (Zhu et al., 2019; Zhu et al., 2022). Importantly, a common target of MtrA 

in both S. venezuelae and S. coelicolor is wblE (Som et al., 2017a, 2017b). 

To confirm that MtrA binds to the wblE promoter, binding of N6xHis-tagged MtrA (purified by Dr. 

Rebecca Devine) was tested in vitro against the wblEp fragment library. Although some 

background binding was observed for all DNA fragments, a significant and concentration-

dependent signal was detected for the wblEp_4 fragment (105% RMax at 50 uM), with slightly 

lower affinity observed for wblEp_6 and wblEp_13 (~70% RMax), when compared to the rest of 

the promoter region which was generally below 50% RMax. FIMO was used to search for the 

palindromic (GTnAC-n6-GTnAC) GlnR-box repeat, proposed to bind MtrA in S. coelicolor (Zhu 

et al., 2019). A strong match was found within wblE_p4 and a weaker match was determined in 

wblEp_13 (Figure 5.16).  

Additional work conducted by Dr. Rebecca Devine identified a refined MtrA consensus motif by 

testing MtrA-binding against multiple promoters in vitro, including mtrA, ssgB, whiI, and the 

divergent promoters between the chloramphenicol transport genes, cmlFN (unpublished). The 

revised consensus (TswCmwr), the MtrA-box, was also found to be present in both wblE_p4 and 

wblE_p13 fragments; in both cases, overlapping to varying extents with the predicted GlnR-box 

(Figure 5.16). Therefore, these results strongly imply that wblE is bound by MtrA, in a sequence 

specific manner at two distinct sites, with precedent for competition with GlnR. 
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wblEp4 

GlnR-Box (p = 2.89x10-5) 

5’-CACCCCTTAGAAGTACGGCTGTGACCTAGCCGACACCGAG-3’ 

3’-GTGGGGAATCTTCATGCCGACACTGGATCGGCTGTGGCTC-5’ 

 

MtrA-box (p = 0.00147) 

5’-CACCCCTTAGAAGTACGGCTGTGACCTAGCCGACACCGAG-3’ 

3’-GTGGGGAATCTTCATGCCGACACTGGATCGGCTGTGGCTC-5’ 

 

 

wblEp13  

GlnR-Box (p = 0.000189) 

5’-CACATTCACAAGCAACCAGCTTGTAACACCCTAGAGAGGT-3’ 

3’-GTGTAAGTGTTCGTTGGTCGAACATTGTGGGATCTCTCCA-5’ 

 

MtrA-box (p = 0.00147) 

5’-CACATTCACAAGCAACCAGCTTGTAACACCCTAGAGAGGT-3’ 

3’-GTGTAAGTGTTCGTTGGTCGAACATTGTGGGATCTCTCCA-5’ 
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Figure 5.16. DNA oligos were designed to cover the entire WblE promoter, and 

binding by MtrA was tested by ReDCaT SPR. Strong, sequence-specific binding 

was observed for wblEp fragments 4 and 13. Both DNA fragments were found 

to contain overlapping sequence motifs for MtrA (red) and the GlnR-box (blue), 

suggesting MtrA directly regulates the expression of wblE, possibly in 

competition with GlnR. 
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5.6. Expression analysis of wblE in developmental mutants 

To further explore the early developmental role illustrated in this chapter, the expression 

patterns of wblE in existing time course microarray data for wildtype S. venezuelae (grown at 

30oC in liquid MYM + TE) was compared to that of the ΔbldN, ΔbldM, ΔwhiA, ΔwhiB, ΔwhiD 

(unpublished), ΔwhiG, ΔwhiH and ΔwhiI developmental mutants, acquired under identical 

conditions throughout development (Bibb et al., 2012; Bush et al., 2013; Al-Bassam et al., 2014; 

Bush et al., 2016; Gallagher et al., 2020). It should be noted that the liquid conditions used for 

microarray experiments differ from the solid growth used in the WblE ChIP-seq. The full collated 

dataset was acquired from Dr Govind Chandra (John Innes Centre).  

In the wild type wblE expression was constitutively high throughout development but 

dysregulation was observed broadly across all developmental mutants (Appended Figure A.1). 

Specifically, ‘White’ developmental mutants overwhelmingly accompanied upregulation of wblE 

but only S. venezuelae ΔbldN exhibited a noticeable and consistent drop in wblE expression, 

supporting a constitutive role for WblE that is particularly important during early development 

(Figure 5.17). Intriguingly, the variations in wblE expression in the ΔbldN and ΔwhiB mutants 

correlated well with the peaks of the respective gene’s wild-type expression profiles (Figure 

5.17), potentially indicating more intimate, or even direct, control of wblE expression by their 

products. This relationship was not clearly observed with bldM, whiA, whiD, whiG, whiH or whiI 

mutants (Appended Figure A.1).  

 

 

 

 

 

 

Figure 5.17. The wblE transcript expression profile in wild-type S. venezuelae (black), plotted against 

ΔbldN and ΔwhiB mutant wblE expression profiles (grey), showing the negative and positive shifts 

respectively. Wild type expression profiles for the bldN (purple) and whiB (blue) genes are plotted with 

their respective mutants. Keys are provided for each graph. Log2 transcript abundances were normalized 

to the median of the data.  
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5.7. Discussion 

The work in this chapter has demonstrated that, much like other Wbl proteins studied 

to-date, WblE functions as a global regulator binding to a range of promoters throughout the 

genome; among which are genes relating to multiple conserved aspects of the multicellular 

developmental program of Streptomyces spp., primary metabolism, translation (tRNA, rRNA, 

ribosomal proteins), respiration, and stress responses. Furthermore, there was significant 

binding to genes involved in S. venezuelae secondary metabolism and the regulation thereof. 

Nevertheless, ChIP-seq should be considered an initial screening experiment and future 

experiments via such as SPR or in vitro transcription assays will be needed to demonstrate 

biological significance of enrichment at specific promoters  

It is well understood that holo-Wbl proteins share a [4Fe-4S] dependent interaction with the 

initiating transcription factor σHrdB (specifically addressed for WblE in Chapter 6) and this thesis 

has demonstrated that WblE and its [4Fe-4S] cluster are essential (Chapter 4). Consistent with 

this, MEME analysis of the WblE ChIP-seq data identified an AT-rich consensus (Section 5.4) 

with derivatives directly adjacent to the possible σ-factor -35 sites in the majority of promoters 

enriched in the 3xFLAG-WblE ChIP-seq dataset. This discussion therefore follows the 

presumption that holo-WblE primarily functions in concert with the primary RNA polymerase 

sigma factor σHrdB as an activating transcription factor (See also Section 6.3) although other 

mechanisms of regulation are possible. 

 

5.7.1. A Putative Essential Function for WblE as a Major Cell-Cycle Activator 

In Streptomyces spp., DNA replication is distinct from other prokaryotes, as it occurs 

continuously from the earliest stages of spore germination (Wolánski et al., 2011), thus, there is 

a clear constitutive element driving replication events in this genus. Yet, remarkably, no 

transcriptional activators have been identified for dnaA, other than evidence that it may occur 

as a house-keeping function of the primary σHrdB factor (Šmídová et al., 2019). Through a 

combination of ChIP-seq and ReDCaT SPR, this chapter has shown strong evidence for WblE 

binding to the dnaA promoter raising the hypothesis that the essentiality of WblE and its Fe-S 

(Chapter 4) may, at least in part, originate from a principal role in dnaA activation, via a [4Fe-

4S]-dependent interaction with σHrdB. In addition, WblE appears to bind the vnz_18405 promoter, 

encoding a putative PrimPol homologue; a protein family known to be potent facilitators of 

replication fork progression in archaea and eukaryotes. The Fe-S clusters of WhiB-like proteins 

are protected from O2 but not nitric oxide (•NO) via interaction with the primary σ-factor in 

Mycobacterium and Streptomyces spp. (Wan et al., 2020; Stewart et al., 2021). It has thus been 

proposed (but not proven in vivo) that WhiB-like proteins sense •NO via their Fe-S cofactors and 

this is consistent with evidence that •NO can act as a signaling molecule to control development 
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(Honma et al., 2022). If this is correct then •NO might act via WblE to inhibit the cell-cycle and 

DNA replication. WblE also appears to globally bind promoters of rRNAs, tRNAs and RPs which 

could also lead to lethality following widescale abrogation of their transcription, via wblE deletion. 

This would also explain the apparent necessity of its DNA-binding C-terminus (Section 4.4.2). 

Reinforcing a predominantly positive role for WblE in the initiation, wblE expression seems to be 

coordinately repressed with DNA replication by the limited set of known and predicted cell-cycle 

regulators in Streptomyces. As demonstrated by ReDCaT SPR, MtrA binds the wblE promoter 

in a sequence specific manner, in vitro (Chapter 5.5.3). There is evidence that MtrA binds to the 

DnaA protein and to oriC and the dnaA promoter as a cell-cycle repressor in Mycobacterium 

spp., with limited reports of a similar function for the S. venezuelae orthologue (Fol et al., 2006; 

Purushotham et al., 2015; Som, 2016). How exactly MtrA influences DNA replication in 

Streptomyces spp. remains undetermined; nevertheless, by analogy to its function in 

Mycobacterium spp., it can be assumed that MtrA is a repressor of DNA replication. Moreover, 

in Streptomyces spp., MtrA functions to antagonise GlnR-mediated activation to globally repress 

nitrogen metabolism and a strong GlnR-box motif is present in the wblE promoter fragment 

bound by MtrA. It therefore seems likely that a similar competition occurs in the wblE promoter, 

whereby MtrA represses wblE. MtrA also binds to three sites upstream of the three WblE binding 

sites at the dnaA promoter (unpublished data), it is possible that simultaneous MtrA and (apo-

)WblE binding results in winding of the DNA and repression of dnaA expression. In S. lividans, a 

species closely related to S. coelicolor, ΔadpA mutants overexpress wblE, implying a 

mechanism of (direct or indirect) wblE repression (Guyet et al., 2014); adpA encodes a bona 

fide repressor of DNA replication (in S. coelicolor) which competitively binds to 5’ region of oriC 

and inhibits DnaA-mediated cell-cycle initiation (Wolański et al., 2012). Nonetheless, the situation 

is likely to be even more complex given that both WblE and MtrA bind to the promoter of adpA, 

implying a level of cross-talk. 

 

5.7.2. A Potential Role for WblE in Priming the ‘bld’ Developmental Cascade 

Among the developmental genes identified in the ChIP-seq, WblE bound almost 

exclusively to an interconnected subset of the bld cascade that, together, are necessary for 

controlling the onset of multicellular differentiation and secondary metabolism. These include 

the major developmental repressor bldD and the BldD (c-di-GMP) regulon distinctly overlaps 

with that revealed for WblE in this chapter, and includes the bldA, adpA, leuA and leuB genes 

(Den Hengst et al., 2010). Therefore, it is proposed that holo-WblE plays a premiere role in 

priming the developmental cascade by activating bldD, the product of which subsequently gates 

further WblE-mediated developmental progression, via repression of the bldA and adpA 

(Chapter 1.3.3), until the appropriate drop in local c-di-GMP levels is perceived (Figure 5.18).  



132. 

Intracellular concentrations of c-di-GMP are held in balance by the opposed activity of anabolic 

diguanylate cyclases (DGCs) and catabolic phosphodiesterases (PDEs); ChIP-seq revealed that 

WblE also binds the rmdB PDE and a putative WblE consensus can be found upstream of the 

rmdA operon predicted -35 site, albeit on the antisense strand (Figure 5.18). Intriguingly, all 

studied DGCs are direct targets of BldD repression, likely as a means to prevent c-di-GMP 

saturation and insurmountable developmental repression. However, the PDE genes rmdB and 

rmdA retain independence from BldD repression, across species, indicating that they are part 

of overlapping but distinct signaling modules, during early development (Hull et al., 2012; 

Makitrynskyy et al., 2020).  

It is possible that rmdB and rmdA PDE repression is specifically governed by •NO and 

nitrosylation of the WblE [4Fe-4S] cluster; this coincides with reports that deletion of the S. 

coelicolor (•NO-producing) nitrate reductase narG1, narG2, and narG3 subunits leads to 

reduced c-di-GMP concentrations and precocious development, which has hitherto been poorly 

understood (Honma et al., 2022). It is believed that this connection between •NO, c-di-GMP and 

WblE also provides context to the elusive PAS9 haem-binding domain in RmdA and potentially 

multiple DGCs (Hull et al., 2012) as stand-alone •NO-sensing modules which can tailor their 

catalytic activity.  

The interdependent bldA and adpA gene products are ultimately responsible for the activation 

of the ramBASC operon and production of the morphogenic surfactant lanthipeptide, SapB 

(Willey et al., 1993; Kodani et al., 2004). According to mutant expression analysis (Section 5.6), 

the wblE gene also seems to be an important target of σBldN-mediated activation. The σBldN protein 

and its cognate anti-sigma factor RsbN control expression of the cooperative chaplin and rodlin 

families of hydrophobic peptides in response to an unclear stimulus. In this way, there seems to 

be a pattern linking WblE to regulatory cascades that ultimately control the production of these 

morphogenic peptides. Understanding the signals that control RsbN anti-sigma factor activity 

may elucidate this connection.  

 

5.7.3.  A Basis for Coordination Between wblE and vnz_24260 Transcripts 

The paralogous WhiB3 and WhcD were shown to influence lipid, cell-wall and cell-

envelope biosynthesis in Mycobacterium and Corynebacterium, although similar functions have 

not been demonstrated for Streptomyces spp. homologues. Nonetheless, WblE ChIP-seq 

demonstrated enrichment at the promoters of a probable lysophosphatidic acid acyltransferase 

(LPAAT) operon (Section 5.3.6.30. The LPAAT family members are acyltransferases which can 

simultaneously contribute to de novo glycerophospholipid synthesis (Kennedy Pathway) and 

remodeling (Lands’ Cycle).  
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A range of evidence was previously described which hints at a putative cis-acting regulatory 

mechanism in the 5’UTR of wblE (Section 4.8.2). It was suggested that this may 5’UTR regulate 

transcription originating either from the vnz_24260 promoter or within the vnz_24260 coding 

sequence, implying transcriptional coordination between the two genes. The vnz_24260 gene 

preceding wblE encodes a protein with strong homology to the soluble diacylglycerol kinase (i.e. 

DgkB), a conserved and essential protein in Gram-positive bacteria, which performs the ATP-

dependent phosphorylation of diacylglycerol (DAG) to phosphatidic acid (PA), the simplest 

phospholipid (Koch et al., 1984; Taron et al., 1983; Jerga et al., 2007; Xu et al., 2017). A role in 

lipid and cell-envelope metabolism provides a functional basis for this genomic organization and 

potential coordination of vnz_24260 (dgkB) and wblE transcripts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19. Putative antagonistic activity of WblE and BldD in the activation of the Bld 

cascade. Activating signals are shown as red arrows. Repressive signals are shown as grey 

flat arrows. Bold lines represent signals affecting the cascade that are independent of BldD 

repression and putative •NO-targets are connected via dashed lines. Table shows comparison 

of the -35 WblE consensus for rmdB, compared with the manually identified rmdA -35 site. 
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Chapter 6.  

Identification of the S. venezuelae NRRL B-65442 

WblE Interactome and Novel Interactions  

 

6.1. Introduction 

Protein-protein interactions are a defining feature of WhiB-like functions. The conserved 

cluster-dependent interaction with the primary Sigma factor is a significant contributor to WhiB-

like regulation and, in the case of Streptomyces’ WhiB, forms a scaffold for the tripartite 

interaction between WhiA, WhiB and HrdB, which is essential for WhiB-mediated regulation of 

sporulation-septation (Bush et al., 2016; Lilic et al., 2023). Intriguingly, stable interactions have 

also been reported for Apo-Wbl proteins, but these seem to be differentially conserved across 

genera. In Streptomyces and Corynebacterium spp., WblA (WhcA) interacts with the 

dioxygenase SpiA to tailor the antioxidant response. Similarly, the C. glutamicum WblE 

homologue (WhcE) interacts with the transporter ‘SpiE’ but an identifiable homologue is absent 

from both Streptomyces and Mycobacterium spp., where wblE (whiB1) is essential (This work; 

Smith et al., 2010). Intriguingly, whole-cell work in Mycobacterium spp. once suggested that 

WhiB7 (WblC) and WhiB3 (WhiD) are in fact among the most highly interconnected proteins 

within the tubercule cell and co-purify with a broad range of partners in vitro (Wang et al., 2010). 

Irrespective of this, it is also presumed that WblE must acquire its [4Fe-4S] cluster from 

dedicated cluster biogenesis machinery, in vivo (see Section 1.5.1). 

Following the successful generation of an isogenic FLAG-tagged WblE mutant (Δ24255CF), it 

became possible to perform targeted WblE co-immunoprecipitation with downstream mass 

spectroscopic analysis (CoIP-MS) to identify novel interactions which may occur in vivo, and 

possibly provide context to other poorly understood WhiB-like functions. CoIP-MS follows a 

similar premise to ChIP-seq, although targeted towards the capture of in vivo protein-protein 

interactions via covalent cross-linking and analysis by MS. This chapter describes identification 

of putative WblE partners via CoIP-MS, Network building, and subsequent confirmation of a 

subset of partners via pairwise bacterial two-hybrid assays. 
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6.2. Co-Immunoprecipitation and Mass Spectroscopy (CoIP-MS) 

To produce comparable results, growth and sample acquisition for CoIP-MS was 

performed under identical conditions to the ChIP-seq experiments (Section 2.30 and 2.21 

respectively). Only time point 1 (tp1) and time point 2 (tp2) were tested via CoIP-MS as part of 

this thesis. The study was performed in biological and technical triplicate with the S. venezuelae 

NRRL B-65442 control (WT) and Δ24255CF (1-3) strains. Subsequent spectral acquisition was 

performed by Dr Carlo Martins and Dr Gerhard Saalbach (John Innes Centre, Proteomics 

Facility) and spectral counts were processed with SAINTexpress. The Significance Analysis of 

Interactomes (SAINT)express pipeline has been streamlined for datasets with robust control 

samples (such as the one used here), attempts to reduce noise in CoIP-MS data and produce a 

probabilistic measure for each putative interaction which is summarised in the ‘SAINT-score’ 

(S0; 0.00 – 1.00) and an abundance-derived fold-change (f.c). The pipeline also enables the 

calculation of the Bayesian false discovery rate (BFDR), providing a defined statistical evaluation 

of error for each putative partner, something lacking in similar interactome pipelines (Nesvizhskii 

et al., 2007; Teo et al., 2014). 

Over both experimental time-points, a staggering 142 and 107 total unique peptides were 

determined to be significantly enriched for tp1 and tp2, respectively (excluding WblE), within the 

quantitative and statistical boundaries set (S0 ≥ 0.65, f.c > 3.00, BFDR ≤ 0.1). Reinforcing the 

results obtained with ChIP-seq, the CoIP-MS data suggest that WblE predominantly associates 

with proteins involved in ‘Bald’ developmental decisions.  To provide a broad overview hits were 

sorted into COG classes (Clusters of Orthologous Groups) by Dr. Govind Chandra, 

demonstrating enrichment of proteins in classes relating to transcription, proteostatic processes 

(e.g. chaperones, proteases), and the metabolism of fatty acid and terpene lipids, over both time-

points (Figure 6.1 & 6.2). A dramatic shift in several groups of enzymes were seen between tp1 

and tp2, largely relating to biosynthesis or catabolism of the cell-wall and phospholipids (Figure 

6.1 & 6.2) and a shift from 0.7% (1/142) secreted peptides to 37.4% (40/107), as determined by 

SignalP6.0 and manual identification for the TVIISS target EsxA. Over 30 individual proteins with 

poorly defined functions or hypothetical classification (Table 6.1) were significantly enriched 

over the course of the experiment, with a large number of these being enriched specifically 

during tp2.
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Figure 6.1. Significance and log2-fold abundance change for timepoint 1 CoIP-MS WblE hits. Non-significant hits are shaded out. The BFDR (0.00 - 0.10) is transformed by the 

negative square root +1, such that significance values range between 0.10 - 1.00, and the log
2
(f.c) x-values have been multiplied by the SAINT score to emphasise the most 

significant datapoints. A Bar-graph showing COG-category counts for each significant hit in the tp1 WblE CoIP-MS data, categories for each letter are shown below with the 

dominant classes underlined.  
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Figure 6.2. Significance and log2-fold abundance change for timepoint 2 CoIP-MS WblE hits. Non-significant hits are shaded out. The BFDR (0.00 - 0.10) is transformed by the 

negative square root +1, such that significance values range between 0.10 - 1.00, and the log
2
(f.c) x-values have been multiplied by the SAINT score. for comparison. A Bar-graph 

showing COG-category counts for each significant hit in the tp2 WblE CoIP-MS data, categories for each letter are shown below with the dominant classes underlined. 
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6.3. CoIP-MS Networking 

In contrast to ChIP-seq where results can largely be reduced to a binary description 

(either binding or not binding) based on the designated statistical cut-off. This does not work 

well for CoIP-MS, where highly significant hits can be enriched as non-specific peripheral cross-

links with true partners, in heteromeric complexes or transient localisation. As such, it is 

important to try and extract these interdependent networks. Initially, StringDB was used to apply 

a basic skeleton to nodes, which was expanded with extensive manual literature searches for 

each hit. Several distinct, global cellular biochemical networks were seemingly well-resolved, 

and predominantly centre around one or two key/core nodes of interest; defined as nodes 

enriched over both time points and exhibiting 20-fold change or greater enrichment over control, 

in at least one time-point. Those networks are summarised here.  

 

6.3.1 WblE CoIP-MS Resolves the S. venezuelae Transcriptional Apparatus 

WhiB-like regulators are well-documented to interact with region 4.2 of the primary 

sigma factor, in a range of Actinobacteria. Reassuringly, WblE consistently co-precipitated with 

its canonical partner σHrdB over the course of the experiment, and it was one of the most highly 

enriched proteins during tp1 (fc: 160.00/5.91, S0: 1.00, BFDR: 0.00). The small, general 

transcription factor, RbpA (vnz_04915), was also present across both time points (fc: 

106.67/33.33, S0: 1.00/0.99, BFDR: 0.00). Specific to the actinomycetes, RbpA plays a salient 

role in housekeeping transcription, promoting core RNAP stability via an interaction with Group 

I (e.g. HrdB) and II (HrdA/C/D) σ-factors, as well as the β’ subunit. In vitro, RbpA binds to region 

2 concomitant with WhiB7 or WhiB(A) binding region 4 of σA (σHrdB), respectively, but they do 

not interact directly (Lilic et al., 2021; 2023). It seems likely, therefore, that a similar functional 

conformation is adopted in vivo, with WblE. The so-far unstudied RbpA paralogue, RbpB 

(vnz_07720) was also present, indicating a similar but specialised function with the sigma-factor 

(fc: 30.00/20.00, S0: 0.99/0.94, BFDR: 0.00/0.01).  

Sigma factors make a broad range of physical contacts with the core subunits of the RNA 

polymerase (RNAP), in order to stabilise the complex on promoter DNA (Paget, 2015). Reflecting 

this, the core subunits RpoA (α), RpoB (β), RpoC (β’), and RpoZ (ω), were also modestly but 

significantly enriched as peripheral pull-downs, likely cross-linked with σHrdB (tp1 only – Figure 

6.3). Group I Sigma factors were traditionally considered dedicated initiation factors which 

obligately dissociate from the RNAP complex following initiation; σ70 factors are in fact retained 

in complex for significant distances throughout elongation (Raffaelle et al., 2005). Thus, the 

presence of NusG, NusA, Rho and the poorly characterised Tex (vnz_31710) was most likely a 

result of peripheral cross-links in σ-retaining elongation complexes (Figure 6.3). Nonetheless, 
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these results strongly support a role for WblE as an initiating transcription factor via its interaction 

with σHrdB. 

 

6.3.1.1. Helicase D  

In the context of the other RNAP components, including HrdB, the consistently high 

enrichment of HelD over tp1 and tp2 (fc: 160.00/163.33, S0: 1.00, BFDR: 0.00) was surprising. In 

Gram-positive organisms, HelD, is an NTP-dependent transcription complex recycling factor, 

distantly related to the superfamily 1 (SF1) Helicases. The SF1 helicases’ activity is typically 

modulated through interactions with other proteins and this is conserved in HelD, whereby the 

accessory RNAP subunit δ (rpoE) is known to synergistically enhance RNAP turnover in multiple 

species (Raney et al., 2012; Wiedermannova et al., 2014; Pei et al., 2020). However, the δ-

subunit, is notably absent from Streptomyces spp. in direct contrast to the closely related 

Mycobacterium species.  

 

6.3.2. WblE Coprecipitates with Putative co-Regulators 

Transcription initiation is governed by activators and repressors, which bind promoter 

DNA to influence RNAP and σ-factor binding. Co-regulators can be defined as proteins that 

regularly bind DNA proximal to the WblE-RNAP complex, and/or directly interact to promote 

transcription (as in the WhiAB-RNAP complex; cite). A total of 4 bona-fide and 3 putative DNA-

binding proteins, which could function as co-regulators, were identified via WblE CoIP-MS. 

These regulators are highlighted in Figure 6.3. One of these was a putative MocR-type regulator 

(vnz_28560) expected to sense pyridoxal-5-phosphate and/or amino compounds, but is of 

unknown function (Tramonti et al., 2018). 

 

6.3.2.1. The Developmental Regulator BldM 

The atypical, orphan response regulator BldM (vnz_22005) is a crucial regulator of 

Streptomyces development and was somewhat enriched during tp1 (fc: 6.50, S0: 0.83, BFDR: 

0.03). The heterodimeric partner, WhiI, which specifies BldM DNA-binding to later-stage 

developmental genes, was not present in the data, suggesting that this pull-down was specific 

to BldM and/or its homodimer which would also explain its temporal enrichment during 

vegetative growth (tp1 - 18hr). Coincidentally, this thesis has also demonstrated that WblE binds 

two of the same promoters as BldM, binding within the ssgR (vnz_18200 – Section 5.3.1) and 

scr2 (vnz_15145 – Section 5.3.8) promoter regions which are important for development and 

secondary metabolism, respectively. Thus, in addition to co-purifying with one another, BldM 

and WblE appear to share at least two DNA-binding targets. 
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6.3.2.2. The DNA Damage Response (DDR) Regulators 

In most bacterial phyla, the LexA-RecA system is the only known pathway providing 

general regulation of the DNA damage response (DDR). The winged (w)HTH regulator, LexA, 

binds and represses a global regulon of DDR genes; DNA-damage induces RecA-mediated auto-

proteolytic cleavage of LexA and DDR gene expression (Stratton et al., 2020). Unlike most 

bacteria, Mycobacterium and Streptomyces species retain DDR expression in a ΔrecA 

background, via an independent DDR pathway (Rand et al., 2003; Huang & Chen, 2006). The 

pafB and pafC genes encode two winged-HTH regulators which heterodimerise around ssDNA 

with their N-terminal WYL (Trp-Tyr-Leu) domains and likely control the Actinomycete-specific, 

RecA-independent branch of the DDR (Müller et al., 2018; Müller et al., 2019; Adefisayo et al., 

2021). Remarkably, despite not being grown under DNA-damaging conditions, WblE co-

precipitated with LexA during tp1 (vnz_27115: fc = 3.75, S0 = 0.67; BFDR = 0.01), accompanied 

by non-significant enrichment of RecA. In addition, PafB and PafC were both present in the tp2 

data (fc:12.00/9.00, S0:0.98/0.86, BFDR: 0.00/0.03, respectively). Importantly, a partial Cryo-EM 

structure of M. tuberculosis PafBC-σA transcription complex illustrates intercalation of the 

PafBC-wHTH domains between σA region 4.2 and the DNA, such that cooperation between 

WhiB1 and PafBC is conceivable in this genus (Müller et al., 2021a). No work has yet directly 

investigated these proteins in Streptomyces spp. but the potential for this interaction and its 

physiological importance will be discussed. 

 

6.3.2.3. DeoR-Type Metabolic Regulators  

Named after the E. coli deoxyribose (deo) operon regulator, DeoR-type regulators are 

typically repressors of carbohydrate catabolic genes and are induced by the associated 

phosphorylated carbohydrate of their cognate pathways. Many examples possess complex 

oligomeric DNA-binding patterns, and broad global regulons (Elgrably-Weiss et al., 2006; 

Gaigalat et al., 2007; Engels & Wendisch, 2007).  

The vnz_05140 DeoR-type protein was the only identified regulator which maintained significant 

enrichment between tp1 and tp2 (fc: 20.0/9.0, S0: 0.65/0.94, BFDR: 0.09/0.01). The vnz_05140 

gene is highly conserved in the Streptomyces genus and possesses homology to the AI-2 

Quorum-sensing repressor LsrR (Wu et al., 2013). Deletion of the homologue in S. coelicolor 

(Δsco1463) yields pleiotropic defects in the initiation of aerial growth, secondary metabolism, 

and an accumulation of succinyl- and propionyl-CoA; no direct genetic targets are yet known for 

this regulator (Jeon et al., 2019). A second, conserved DeoR-type regulator, vnz_15020 

(SCO3198), was also somewhat enriched during tp2 (fc: 3.33, S0: 0.66, BFDR: 0.09). The protein 

shares homology and genetic synteny with the global carbon catabolite regulator, FruR. The C. 
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glutamicum orthologue (cg2115, SugR) globally represses various sugar PTS components and 

broad aspects of carbon metabolism (Gaigalat et al., 2007; Engels & Wendisch, 2007). Proteomic 

assessment of the S. coelicolor nucleoid has previously indicated a global role for the protein 

(Bradshaw et al., 2013). In light of these results, it is intriguing that promoters of a succinate-

CoA ligase and the sugar phosphotransferase crr-ptsI operon, were both enriched in the WblE 

ChIP-seq data (Section 5.1 – no.10), potentially indicating concomitant binding at these 

promoters as the source of these results, respectively, although this would require further 

specific testing to confirm. 

 

6.3.2.4 The Hopene Biosynthetic Gene Cluster Regulator, HpnR 

A xenobiotic responsive element (XRE) HTH regulator (vnz_31840) was also significantly 

enriched during tp2. The gene is conserved immediately downstream of the Streptomyces 

Hopene biosynthetic operon and is predicted to be the regulatory unit, HpnR (Sandoval-

Calderón et al., 2017). Hopanoids are pentacyclic triterpene secondary metabolites which 

function as sterol analogues and important determinants of membrane fluidity/permeability in 

eubacteria (Rohmer et al., 1979; Sáenz et al., 2012). In Streptomyces spp., hopanoids are 

dispensable, but their synthesis is tightly regulated with the onset of aerial development 

(matching HpnR’s temporal enrichment in the CoIP-MS; Figure 6.3) and is missing from most 

bld mutants (Seipke & Loria, 2009; Poralla et al., 2000). This was just one of many aspects of 

global terpenoid and lipid metabolism present in the CoIP-MS data (Section 6.3.4.1 and 6.3.5).  
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Figure 6.3. WblE RNA Polymerase and Regulator Network. Tp1 hits are shown in red, tp2 in blue and shared hits in 

purple. Key for interpreting SAINT scores (S
0
) and BFDR is in the top right (n = 25 excl. WblE).  

All Networks: Grey diamonds represent connected nodes that were not present in the CoIP-MS data. Short dash 

arrows represent multiple biochemical steps between proteins. Connected nodes that are present but not-

significantly enriched in the data are arbitrarily shown as circular grey nodes. Grey edges are those which connect 

to non-significant hits or are hypothetical in nature. Tp1 hits are shown in blue, tp2 in red and shared hits in purple. 

The SAINT score (S
0
) and BFDR for hits are represented by border thickness node transparency (0% = 0.00 BFDR 

/ 95% = 0.10 BFDR), respectively. The non-transformed spectral count fold-change is shown by node circumference. 

For reference, nodes in the key are arbitrarily represented by a 2.00 f.c and WblE is differentiated in maroon with 

75 f.c. 
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6.3.3. WblE co-Precipitates with a Diverse Proteostatic Network 

Proteostasis refers to the dynamic, competing and integrated pathways within cells that 

coordinate the biogenesis (translation), folding, maintenance (chaperones) and turnover and 

proteases) of intra- and extracellular proteins (Rebeaud et al., 2021). This thesis has already 

presented evidence for the widespread binding of WblE to the promoters of tRNA, rRNA and 

ribosomal protein genes, which represent foundational roles in protein translation. In addition, a 

single in vitro study once demonstrated ATP-independent chaperone-like (i.e. holdase) activity 

for Mycobacterium spp WhiB2 (Konar et al., 2012). To this end, it was particularly intriguing to 

see a comprehensive network of chaperones, co-chaperones, ribosome-associated proteins 

and a range of poorly studied proteases enriched in the CoIP-MS data.  

 

6.3.3.1. Enrichment of Hsp100 Chaperones and Diverse Co-Chaperones 

Chaperones, or heat shock proteins (Hsp), are evolutionarily conserved proteins across 

all domains of life and are fundamental post-ribosomal elements in protein synthesis and 

regulating appropriate turnover. The Hsp100 family of chaperones describes ring-like AAA+ 

family proteins (ATPases Associated with diverse Activities), such as ClpX (vnz_11755) which 

formed one of the core-nodes of this network, being both highly and consistently enriched over 

both timepoints (fc: 44.75 / 27.00, S0: 1.00, BFDR: 0.00). The homohexameric AAA+ family 

protein functions alone as an energy-dependent chaperone, unfolding individual proteins and 

dismantling protein aggregates (Wawrzynow et al., 1995; Levchenko et al., 1995; Weber-Ban et 

al., 1999). ClpX also forms an important aspect of a major proteolytic complex within bacterial 

cells, ClpXP; a system that is essential in Streptomyces and Mycobacterium spp. (d’Andrea et 

al., 2022; Reinhardt et al., 2022). However, the associated proteolytic elements, ClpP1 

(vnz_11760), ClpP2 (vnz_11765) were present but far below significance (). Similarly, the ‘Arc’ 

(vnz_06060) ring-like AAA+ of the functionally similar eubacterial proteasome was enriched 

during tp1 (fc: 3.44, S0: 1.00, BFDR: 0.00), while its proteolytic alpha (PrcA – vnz_06040) and 

beta subunits (PrcB – vnz_06045) were present only at sub-significant levels (S0: 0.04 – 0.46, 

BFDR: 0.45 – 0.73). Both AAA+ proteolytic complexes have functions that are especially 

important for development (De Crécy-Lagard et al., 2002; Boubakri et al., 2015). In particular, 

the enriched cytoskeletal element FtsZ is a direct target of ClpX activity that was co-enriched 

during tp1 and hence was connected to this node (Sugimoto et al., 2010). Also enriched were 

the aggregation-prone Rhodanese (CysA - vnz_19375) and Luciferase-like enzyme (vnz_18275) 

which are common chaperone substrates. 

While the chaperone network distinctly revolved around the AAA+ chaperone ClpX, the data 

also presented the significant enrichment of the co-chaperone, DnaJ2 (vnz_11415 – fc: 
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26.67/6.67, S0: 0.83/0.74, BFDR: 0.03/0.06). Streptomyces spp. carry two conserved DnaJ 

(Hsp40) proteins but these remain largely unstudied and are presumed to function similarly to 

known homologues in substrate targeting, ATPase stimulation for the cognate chaperone, DnaK. 

However, while the cognate nucleotide exchange factor GrpE (fc: 5.00, S0: 0.75, BFDR: 0.04) 

and possible co-chaperone FkpB (vnz_06015) were significantly enriched, DnaK (Hsp70) 

enrichment was sub-significant. The co-chaperone GroES (Hsp10) was also modestly enriched 

in the data, however GroEL enrichment was sub-significant. 

CnoX (originally YbbN) is a more recently appreciated bacterial co-chaperone with independent 

functions as a holdase and thioredoxin (i.e. a chaperedoxin), which can cooperate directly with 

both the DnaJ–K–GrpE and GroES–EL chaperone systems, in order to direct a specific set of 

redox-sensitive proteins for refolding or degradation (Kthiri et al., 2008; Dupuy et al., 2023; 

Goemans et al., 2018a & 2018b). A highly similar and conserved Streptomyces protein, 

annotated as TrxA4 in S. coelicolor (SCO5419), and tentatively named here as CnoX 

(vnz_25065), was significantly enriched and fitted well within this network (fc: 4.67, S0: 0.83, 

BFDR: 0.03).  

 

6.3.3.2. Enrichment of an Extensive Protease Repertoire (and an Inhibitor) 

A total of 14 individual known and putative proteases were significantly enriched during 

the CoIP-MS experiment and the majority were associated with strong S0 ( 0.80) and BFDR ( 

0.05) scores. Nevertheless, no hits were consistently enriched over both timepoints, suggesting 

a dynamic (direct or indirect) association with this group of proteins (Figure 6.4).  

The vegetative dataset (tp1) presented only intracellular metalloproteases, albeit of various 

families. However, these proteins remain unstudied in the context of Streptomyces biology. The 

M20-family peptidase vnz_06215 genomically precedes the conserved chaplin, chpH, and may 

therefore be important for development. Two co-translated and conserved M16 proteases 

(vnz_27275 and vnz_27280) were also significantly enriched indicating a cooperative nature to 

the proteins which is typical of the M16A/B heterodimeric subtypes (Johnson et al., 2006b; 

Aleshin et al., 2009).In stark contrast to tp1, the tp2 dataset was dominated by serine proteases; 

the putative vnz_32055 extracellular S8 protease and was the highest ranked protein during the 

onset of aerial development (fc: 140.00, S0: 1.00, BFDR: 0.00). Two other related S8 proteases 

were also significantly enriched, vnz_29370 and vnz_11880 (Suzuki et al., 1997). The proteins 

apparently share little similarity other than their proteolytic domains, N-terminal SEC (type I) 

signal peptides and a transmembrane-anchoring helix. A secreted S15 (vnz_31670) and 

intracellular S9 (vnz_31190) protease were also enriched but remain unstudied. Nevertheless, 

in contrast to this tp2 paradigm, the developmental M4 peptidase SgmA was also enriched. 
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The vnz_14415 protein is one of several similar, hypothetical, extracellular proteins that were 

enriched in the tp2 data possessing a C-terminal, VCBS-repeat β-propellor domain (vnz_19015, 

vnz_14535, pvnz_37465; Table 6.1). However, vnz_14415 appears unique as it also possesses 

an ‘I36’ protease-inhibitor domain, suggesting an extracellular proteostatic function. The I36 

family are specific to Streptomyces spp. and the only studied example functions as a general 

M4 peptidase inhibitor, with notable activity towards SgmA (Oda et al., 1979; Seeram et al., 

1997; Hiraga et al., 1999), therefore potentially explaining the concurrent enrichment of this 

developmental protease in the tp2 data. 

 

6.3.3.3. The Top Hit – A Putative Novel Proteostatic Protein ‘vnz_07310’ 

A 448aa, 47.2 kDa protein (vnz_07310) that is well conserved in Streptomyces spp., but 

with no detectable sequence homology to any known proteins, was the most highly and 

significantly enriched protein in the tp1 data (fc: 291.00, S0: 1.00, BFDR: 0.00). This enrichment 

diminished but was equally significant during tp2 (fc: 23.50) and insinuated the exciting 

possibility of a novel WblE interaction partner; this is explored further in Section 6.4.2. 

A predicted structure was generated by C-I-TASSER (Contact-guided Iterative Threading 

ASSEmbly Refinement), an extension of I-TASSER which generates significantly more accurate 

models for sequences that do not possess homologous templates in the PDB, such as 

vnz_07310. As such it also performed better than other homology-based models (e.g. AlphaFold 

2) under such constraints (Zheng et al., 2021).  

The results predicted an α-toroidal 3D structure to the protein, from which COFACTOR identified 

clear structural homology with the multifaceted RPN1 ubiquitin receptor and scaffold for the 

eukaryotic 26S proteasomal-cap (0.871 coverage – Spinacia oleracia), despite very limited 

sequence identity or similarity. The S. griseus homologue SGR_5650 exhibits the greatest 

difference in its amino acid sequence among Streptomyces spp. homologues, and was modelled 

for comparison; remarkably, a similar structure with increasingly explicit structural similarity to 

the S. cerevisiae RPN1 protein (0.961 coverage) was identified, including its intrinsically 

disordered C-terminus (Figure 6.5 – Shi et al., 2016; Kandolf et al., 2022). Other C-I-TASSER 

models for the vnz_07310, SGR_5650, SCO1842 homologues resembled similar α-solenoid 

structures, with the α-toroid in varying states of extension/flexion. The RPN1 protein is a major 

scaffold for the proteasome-activating PAN/ARC/Rpt AAA+ ATPases and could allude to a 

specific origin for the enrichment of ClpX and Arc, in the CoIP-MS data. Additionally, a range of 

enriched proteins are putative targets for modification by the prokaryotic ubiquitin-like protein. 

As such, the protein was tentatively connected to this network (Figure 6.4).  
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Figure 6.5. The C-I-TASSER predicted 3D models for full length vnz_07310 and 

SGR_5650 peptides, compared with the Cryo-EM structure of Saccharomyces cerevisiae 

RPN1 toroidal receptor domain (aa 314 – 813;), which shares 0.961 coverage with 

SGR_5650. The highest structural similarity to the CIT model of vnz_07310 is S. oleracea 

RPN1 (0.871 coverage – not shown). 

Figure 6.4. WblE CoIP-MS Proteostatic network. Chaperone network and targets presented centrally,  

temporally enriched proteases and protease inhibitors are shown on the right (boxed). Ribosome 

associated proteins shown left (boxed). numbered and colour-coded by their timepoint (1 or 2); 

protease inhibitor vnz_14415 is marked with ‘(i)’ for distinction. n = 30 excl. WblE 
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6.3.4. The Metallo-Cofactor, Respiration and Isoprenoid and Network 

6.3.4.1. Factors Potentially Maintaining the WblE [4Fe-4S] cluster  

The CoIP-MS data indicated enrichment of components of the Streptomyces spp. Fe-S 

chaperone machinery (Section 1.5.1);  the A-Type [4Fe-4S] carrier (ErpA) was highly enriched 

during tp1 (fc: 66.67, S0: 1.00, BFDR: 0.00), more so than the SufBC2D cluster chaperone 

complex, of which only SufD registered significantly (Figure 6.7).  

Together with the enrichment of the Fe-S chaperone machinery, the CoIP-MS data provided an 

intriguing snapshot of the potential electrochemical maintenance taking place at the WblE 

cluster, in vivo. The vnz_11275 protein was strongly enriched during tp1 (fc = 66.67, S0 = 1.00, 

BFDR = 0.00) and possessed notable similarity to Ferredoxin-NADPH Reductases; in particular, 

to the essential FprA (Rv3106) of Mycobacterium tuberculosis H37Rv and Adrenodoxin 

Reductase (AdR) of eukaryotes. FprA catalyses the NADPH-derived 1e- reduction of the [4Fe-

4S] ferredoxin (Rv0763c), for subsequent transfer to CYP450 haems, driving their 

monooxygenation reactions (Fischer et al., 2002; McLean et al., 2005; Ugalde et al., 2018). 

Excitingly, in the absence of any potential cognate ferredoxin in the complete dataset, this result 

could imply an unorthodox ferredoxin-like role for WblE in an electron transport chain, or 

perhaps a general importance in maintaining the charge on the WblE cluster.  

The phylogenetic distribution of Nitrobindin (Nbn) in bacteria closely matches that of Wbl 

proteins, hence it was proposed that Nbn scavenges •NO from the Wbl cluster environment to 

circumvent cluster-collapse and modulate Wbl-signaling (Section 1.6.2.4). Streptomyces 

venezuelae Nbn (vnz_19410), was modestly enriched during tp1 (fc = 4.50, S0 = 0.67, BFDR = 

0.07) and provides the best experimental evidence for this transient interplay, hypothesised a 

decade ago (Chandra and Chater, 2014). By extension, it is thought that Nbn-Fe-NO could be 

detoxified by mycothiol and subsequently by the putative nitroso-mycothiol reductase (MSNOR; 

vnz_06235), which was also identified within an extended cut-off (S0: 0.60, BFDR: 0.16 – not 

shown). 

 

 

 

 

 

 Figure 6.7. Putative WblE [4Fe-4S] Cluster and Redox 

Maintenance Network resolved via CoIP-MS. Substrates 

are highlighted.  

NADPH 

NADP+ + H+ 
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6.3.4.2. Enrichment of Enzymes for Isoprene and Menaquinone Biosynthesis 

The isoprenoid (terpenoid) lipids are among the most diverse and abundant natural 

products on earth, with important cellular functions in respiration and coping with various 

stressors. In vivo, terpenoids (including Hopene) are predominantly assembled from two 

isomeric five-carbon starter units, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate 

(DMAPP) which are synthesized via the Mevalonate (MVN), or 2-C-methyl-D-erythritol 4-

phosphate (MEP) pathways. Most Streptomyces species, including S. venezuelae, are only 

equipped with the MEP pathway, for which the 1-Deoxy-D-xylulose-5P reductoisomerase, Dxr, 

performs the first committed step, forming the branched polyol ‘MEP’ after which the pathway 

is named. Dxr was moderately enriched (f.c: 6.00, S0: 0.79, BFDR: 0.04, tp1) in the WblE Co-IP 

experiments in addition to the [4Fe-4S] protein IspG during tp2, which catalyses the final step in 

IPP synthesis (f.c: 17.00, S0: 1.00, BFDR: 0.00). 

Arguably, the most important isoprenoid derivatives in bacteria are the Menaquinones (MK), 

which play an essential membrane-bound role in electron transport and respiration. Their 

synthesis diverges between one of two evolutionarily ancient pathways in bacteria. The 

‘Futalosine’ (MQN) machinery constitutes the less abundant but more broadly distributed and 

ancient biosynthetic pathway, utilised across all forms of respiration (Zhi et al., 2014). Fittingly, 

the Futalosine pathway mqnA-E genes were first recognised in Streptomyces coelicolor and 

function as the primary MK biosynthetic pathway in this genus. The hallmarks of the Futalosine 

pathway are the [4Fe-4S]-binding Radical S-Adenosyl Methionine (rSAM) enzymes; 

Aminodeoxyfutalosine synthase (MqnE – vnz_15365) and Dehypoxanthine futalosine cyclase 

(MqnC – vnz_21020), which form the core nodes of the network as two of the most significantly 

enriched hits within the CoIP-MS data, present over both time points and with an associated 

ChIP-seq target (mqnD – vnz_21015, Section 5.3.6.4). The MQN and MEP pathways are dense 

in [4Fe-4S] biochemistry, with the MqnE, MqnC, IspG and IspH enzymes all possessing [4Fe-4S] 

clusters necessary for their function, isoprenoid synthesis and respiration. 

 

6.3.4.3. The Uroporphyrinogen III Synthase and Methyltransferase: HemD 

HemD (vnz_15625, SCO3317) in Streptomyces spp. is a bifunctional haem-biosynthesis 

protein comprised of two domains. The C-terminal domain is an active Uroporphyrinogen III 

synthase (HemD), catalysing cyclisation of the linear tetrapyrrole (hydroxymethylbilane) to 

produce the first critical macrocyclic haem intermediate, uroporphyrinogen III, that is common 

to all haem-synthesis pathways (Rondon et al., 1997; Amin et al., 2012). The N-terminal sirohaem 

synthase (CysG) domain, by homology, catalyses the sequential SAM-dependent methylation of 

uroporphyrinogen III to sirohaem, via the adenosylcobalamin (Vitamin B12) precursors, precorrin-

2 and sirohydrochlorin (Rondon et al., 1997). Similar fusions between HemD and CysG (or the 
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related protein CobA) are observed broadly in Gram-positive bacteria (Johansson & Hederstedt, 

1999). Coincidentally, like wblE, hemD is also regulated by the NAD(H)-sensor Rex, in S. 

avermitilis, with which it shares an operon (Liu et al., 2017). 

Haem b (protoporphyrin IX) functions in the respiratory Succinate:Quinone (Complex II), 

Quinol:Cytochrome c (Complex III), and Quinol:Nitrate (NarGHI) oxidoreductase enzymes; the 

latter of which is involved in reductive •NO synthesis in S. coelicolor (Figure 6.6). With respect 

to this, haem is also present in all NOS enzymes (more relevant to S. venezuelae). Haem b is 

also a necessary co-factor for •NO scavenging and detoxification by Nitrobindins, •NO-

dioxygenases, as well as other antioxidant enzymes (den Hengst & Buttner, 2008; De Simone et 

al., 2020a & 2020b). Sirohaem on the other hand, is specifically employed for the reduction of 

Nitrite anions by the assimilatory nitrite reductase (NirB1B2D), which plays a role in Streptomyces 

•NO homeostasis (Campbell and Kinghorn, 1990; Fischer et al., 2012; Yukioka et al., 2017). 

Intrguingly, Haem often functions cooperatively with menaquinone and menaquinone 

biosynthesis featured significantly in both the ChIP and CoIP experiments (Sections 5.3.6.4  &  

6.3.4.1). A post-translational interplay between WblE and HemD has broad implications for a role 

in regulating respiration, •NO-signalling and •NO-detoxification via haem availability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6.6. The Menaquinone and Isoprenoid (MEP) Network. Specific pathways are boxed 

and annotated as SM (Secondary Metabolism); Vit B6 (Pyridoxal-5-phosphate) synthesis. 
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6.3.5. WblE co-Precipitates with a Fatty Acid Metabolic Network 

A broad range of proteins known or predicted to contribute to fatty acid biosynthesis or 

β-oxidation, were over-represented amongst the CoIP-MS data obtained during tp1 and were 

generally associated with strong SAINT (> 0.80) and BFDR (< 0.05) scores. Considering the 

broad historic connection between Wbl-proteins and fatty acid metabolism, these hits were 

particularly intriguing.  

 

6.3.5.1. The Acyl-CoA Carboxylase and Type II Biosynthesis Machinery 

The first committed step in long-chain fatty acid biosynthesis is the irreversible 

carboxylation of acetyl-CoA to malonyl-CoA, universally catalysed by biotin-dependent acyl-CoA 

carboxylases (ACCs), a structurally heterogeneous class of proteins (Cronan & Thomas, 2009; 

Cronan et al., 2021). Actinomycetes, including Streptomyces and Mycobacterium species 

express multiple copies of a distinct group of ACCs which employ two catalytic subunits (α and 

β). In Streptomyces, specifically, two copies of the α and β subunits are well-conserved: AccA1 

and AccA2 represent structurally redundant α-subunits, that form mutually exclusive 1:1 

hexameric complexes with either AccB (ACC-A), or PccB (ACC-P) β-subunits which confer 

substrate specificity (Rodrıǵuez & Gramajo, 1999; Diacovich et al., 2002; Diacovich et al., 2004; 

Gago et al., 2006). Notably, the AccB protein is essential in Streptomyces as it is the only subunit 

capable of utilising acetyl-CoA, whereas PccB is dispensable and can utilise only propionyl- or 

butyryl-CoA (Rodrıǵuez et al., 2001). All catalytic components for both the ACC-A and ACC-P 

complexes were enriched in the CoIP-MS data, whereby AccB (fc: 80.00/5.67, S0: 1.00/0.91, 

BFDR: 0.00/0.02) represented the key node of the network (Figure 6.8); the other components, 

AccA1/A2 and PccB, were also significantly enriched but only during tp1.  

Downstream of acetyl-CoA carboxylation, highly conserved type II (dissociate) fatty acid 

biosynthetic machinery catalyses the sequential condensation, reduction, dehydration and 

second reduction that elongates growing acyl-chains. The β-ketoacyl-ACP synthase III (FabH) 

conducts the first condensation reaction between acetyl-CoA and malonyl-ACP (acyl-carrier 

protein) to form 3-ketoacyl-ACP and was highly enriched during tp1 (fc: 53.33, S0: 1.00, BFDR: 

0.00). In addition, the FabG 3-ketoacyl-ACP-reductase (vnz_07115) and FabI/InhA enoyl-ACP-

reductase (vnz_07110), which catalyse the first and last reductive steps of acyl-chain elongation 

respectively, to produce an elongated acyl-CoA molecule (Revill et al., 2001; Singh & Reynolds, 

2015). Thus, WblE strongly associated with key enzymes that are necessary for entry of acetyl-

CoA into fatty acid biosynthesis, via malonyl-CoA (ACC), in addition to multiple components of 

the type II fatty acid synthetic machinery.  
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It is also pertinent to note the enrichment of homologues of the actinomycete pyruvate 

dehydrogenase complex (AceE and DlaT; vnz_10680 – vnz_09035) and its lipoamide synthesis 

and redox maintenance system (LipA and AhpC – AhpD; vnz_09110 and vnz_23230 – 23225) 

in the dataset. Pyruvate dehydrogenase completes the anaplerotic conversion of pyruvate to 

acetyl-CoA and feeds fatty acid synthesis. These unique complexes have only been 

characterised in Mycobacterium spp., thus far, but these data suggests a homologous system 

also functions in Streptomyces spp. (Bryk et al., 2002; Tian et al., 2005; Rhee et al., 2011).  

 

6.3.5.2. Fatty Acid β-Oxidation Machinery 

The catabolic β-oxidative machinery, also had a range of representative enzymes 

enriched within the CoIP-MS data, albeit at lower levels. Most notable was the enrichment of the 

conserved catabolic FadAB complexes, FadA1-B1 (vnz_28805 - 10) and FadA2-B2 (vnz_31630 

- 35) during tp1, with enrichment of FadA2 in the tp2 data (Menendez-Bravo et al., 2017). Two 

FadE2-family proteins were enriched during tp2 which could catalyse first oxidative 

(dehydrogenation) reactions to form a trans-enoyl-CoA species. One of the FadE2-like proteins, 

vnz_00800, was encoded at the genomic periphery, along with two predicted acyl-CoA 

metabolising enzymes (vnz_00790 & vnz_00795); vnz_00795 was among the most highly ranked 

proteins in the tp1 dataset (fc: 210.00, S0: 1.00, BFDR: 0.00). The gene-set’s location and 

sporadic conservation indicate a specialised role in S. venezuelae. The primary fatty acid 

oxidation machinery likely works in close proximity to the synthetic machinery (see previous 

section) as they share substrates, suggesting that these could be peripheral pull-downs. 
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Figure 6.8. The acyl-CoA carboxylase, fatty acid synthesis (before acyl-CoA node) and β-oxidation 

WblE CoIP-MS Network (after acyl-CoA Node). Key is shown centre right. The putative secondary 

metabolite BGC machinery is boxed and labelled. The actinomycete pyruvate dehydrogenase 

complex is circled.  
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6.3.6. WblE co-Precipitates with an Developmental RsbUVW Network 

In the archetypal RsbU-RsbV-RsbW-σB cascade, of Bacillus subtilis, the ASA RsbV 

governs expression of the stress-response factor, SigB (σB) via ATP-dependent phosphorylation 

of its anti-sigma factor RsbW and subsequent release of σB, redirecting the RNA Polymerase to 

a global regulon of stress-related genes (Benson et al., 1993).  third component, RsbU, 

dephosphorylates RsbV to drive the cascade under inducing conditions, such as osmotic stress 

(Voelker et al., 1995). Streptomyces species usually possess eight or more closely related group 

3 alternative σ-factors (σB homologues) which is often reflected by their high number of rsbU, 

rsbV, rsbW copies, indicating a complex network underlying the stress response. In particular, 

the conserved σB and σH proteins both function in the general stress response, with overlapping 

regulons, yet σH possesses additional developmental functions (Mittenhuber et al., 2002; Takano 

et al., 2003; Sevcikova et al., 2021). 

The Streptomyces BldG protein is a highly conserved, morphogenic RsbV-like anti-sigma 

antagonist (ASA) which was significantly enriched during tp1 of the CoIP-MS experiment (fc = 

18.5, S0 = 1.00, BFDR = 0.00). BldG appears to sequester multiple anti-sigma factors, including 

the conserved neighbouring gene’s product, ApgA (to which no σ-factor has presently been 

associated) and the anti-σH factor, UshX (which is important for both development and osmotic 

stress responses in Streptomyces species). Moreover, BldG is not phosphorylated by either 

ApgA or UshX (Parashar et al., 2009; Sevcikova et al., 2010 and 2020; Takano et al., 2011); in 

S. coelicolor, this occurs independently as a result of at least six other RsbW (HATPase_c) anti-

sigma factors. Of those conserved in S. venezuelae only UshX was present in the full data-set, 

and it was not significantly enriched – but these are quite distal interactions.  

By analogy to the B. subtilis model (Figure 6.9), at least one RsbU-like phosphatase may also 

control BldG dephosphorylation and may be an important driver of activity. However, there is a 

gap in the literature regarding the potential contribution of an RsbU-like phosphatase to the 

function of BldG and no candidates have been proposed from the many similar proteins in 

Streptomyces spp. Coincidentally, an RsbU phosphatase (vnz_05805) was conspicuously 

enriched over both CoIP-MS time-points (fc: 20.00/60.00, S0: 1.00, BFDR: 0.00) and connected 

well with this network. Two other RsbU phosphatases carrying additional domains were enriched 

during tp2; vnz_23260 (fc: 23.33 S0: 0.66 BFDR: 0.10) and the conserved vnz_23470 (fc: 5.00 

S0: 0.78, BFDR: 0.07). In light of these results, it is intriguing that wblE, whiB1 and whcE all 

conserve genomic synteny with sigH and ushX (rshA) in Streptomyces, Mycobacterium and 

Corynebacterium spp. genomes, respectively (WebFLaGs - Appended Figure A.2, see also 

Section 2.54). These data strongly indicate a connection between WblE and at least one RsbU-

like phosphatase in Streptomyces spp. which may, in turn, control BldG activity. 
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A range of other putative phosphate metabolising and signalling enzymes were detected in the 

WblE CoIP-MS. This includes the vnz_01270 protein, a conserved Phosphotransferase (APH)-

like protein that was enriched in the tp1 and tp2 data (fc: 19.00/15.00, S0: 0.98/1.00 BFDR: 

0.01/0.00).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. (a) The RsbU-RsbV-RsbW phosphotransferase cascade model for induction 

of group 3 alternative σ-factors. (b) The putative RsbU-RsbV(BldG)-RsbW(UshX) network 

enriched within the CoIP-MS Data. Conserved phosphatase vnz_01270 has been 

putatively linked to this network. Pointed arrows indicate activating signals, flat-ended 

arrows indicate repressive signals.  
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6.3.7. The return of the cell cycle: DNA replication, repair, and topology. 

A range of proteins relating to DNA replication and topology were enriched in the CoIP-

MS data (Figure 6.10). It is most likely that a significant portion of these proteins precipitated 

peripherally with WblE due to co-localisation on segments of DNA (Section 6.3).  

Machinery associated with chromosomal replication and segregation were significantly 

enriched, and could potentially be attributed to WblE binding the dnaA promoter, which is close 

to the origin of replication (Chapter 5). This included the DNA polymerase DnaN (vnz_17975; fc: 

9.33, S0: 1.00, BFDR: 0.00), a ParA paralogue (fc: 7.00, S0: 0.74, BFDR: 0.06) and TopA 

(vnz_16300, fc: 6.00, S0: 1.00, BFDR: 0.00), which are known to participate in chromosome 

replication and segregation. 

The core node of this network was the topoisomerase IV subunit ParE (fc: 50.00, S0: 1.00, BFDR: 

0.00) which consistently co-precipitated with its cognate subunit, ParC (fc: 17.00, S0: 1.00, BFDR: 

0.00) comprise the. Topoisomerase IV is canonically required for the essential process of 

separating concatenate chromosomes, following the replication of circular DNA molecules. In 

Streptomyces, however, parC and parE are non-essential, presumably as the chromosome is 

linear (Huang et al., 2013). Nonetheless, Streptomyces spp. transiently circularise their 

chromosomes and ParCE appears to be necessary for decatenation of these molecules during 

replication, and it is presumed that ParCE is still redundantly important for the resolution of DNA 

knots and positive supercoiling (Tsai et al., 2011).  

Several proteins relating to the nucleotide excision repair pathway of the DDR, including UvrA, 

UvrB (non-significant), Ung, a putative Rad25-like polymerase and RecQ-helicase were enriched 

and tentatively linked with this network.  

 

 

 

 

 

 

 

 

 

 

 
Figure 6.10. WblE CoIP-MS DNA replication, repair and topology network. A key is shown 

bottom right.   
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Table 6.1. Significantly enriched Co-IP hits across tp1 and tp2, according to the SAINTexpress pipeline, exceeding a  3-fold change,  0.65 SAINTscore and  0.1 BFDR 

cutoff. Significant hits are listed in descending order according to their fold change and BFDR. tp1 and tp2 values are separated, but hits which appeared significantly over 

both time-points are highlighted in blue and are displayed with their tp1 values. The highest associated SAINT score for each hit is depicted in the SMAX column. SignalP6.0 

protein secretion predictions are summarised in the ‘Exp’ column (/ = not secreted).  

 

Prey Locus  Product / Name fc(tp1) BFDR(tp1) fc(tp2) BFDR(tp2) SMax Exp. 

WblE 

vnz_24255CF WblE (-3xCFLAG) 406.67 < 0.005 50.00 0.00 1.00 / 

Transcription and Regulation  

vnz_27210  Housekeeping Vegetative Sigma (HrdB) 163.00 < 0.005 5.91 < 0.005 1.00 / 

vnz_13335  Superfamily I Helicase (HelD) 160.00 < 0.005 163.00 < 0.005 1.00 / 

vnz_04915  RNA Polymerase Binding Protein (RbpA) 106.67 < 0.005 33.33 < 0.005 1.00 / 

vnz_07720  RNA Polymerase Binding Protein (RbpB) 36.67 0.01 20.00 0.01 0.98 / 

vnz_05230  DNA-directed RNA polymerase subunit omega (RpoZ) 33.33 < 0.005 - - 0.99 / 

vnz_28560 Putative MocR-like transcriptional regulator  33.33 < 0.005 - - 0.99 / 

vnz_31710  Putative RNA-binding Transcriptional Accessory Protein (Tex) 30.00 < 0.005 6.67 0.01 0.99 / 

vnz_05140 DeoR-type Transcriptional regulator 20.00 0.09 9.00 0.01 0.65 / 

vnz_21470  DNA-directed RNA polymerase subunit beta (RpoB) 11.93 0.00 - - 1.00 / 

vnz_21440  Transcription termination/antitermination factor (NusG) 11.50 0.00 - - 0.98 / 

vnz_21475  DNA-directed RNA polymerase subunit beta’ (RpoC) 8.86 0.00 - - 1.00 / 

vnz_22005  DNA-binding response regulator (BldM) 6.50 0.03 - - 0.83 / 

vnz_27115  SOS regulatory protein (LexA) 3.75 0.07 - - 0.67 / 

vnz_21780  DNA-directed RNA polymerase alpha chain (RpoA) 3.13 0.01 - - 0.96 / 

vnz_31840 XRE family transcriptional regulator (HpnR) - - 30.00 0.01 0.98 / 

vnz_26510  Transcription termination/antitermination protein (NusA) - - 13.00 < 0.005 1.00 / 

vnz_06010  WYL domain transcription factor (PafB) - - 12.00 < 0.005 0.98 / 

vnz_06005  WYL domain transcription factor (PafC) - - 9.00 0.03 0.86 / 

vnz_24760  Transcription termination factor (Rho) - - 6.00 0.00 0.99 / 

vnz_15020  Putative DeoR-Type Fructose Operon Repressor (FruR) - - 3.33 0.09 0.66 / 
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DNA Replication, Recombination and Repair  

vnz_20385 Rad25-like Superfamily II Helicase 53.33 0.08 - - 0.67 / 

vnz_27225  Topoisomerase IV subunit B (ParE) 50.00 < 0.005 5.33 0.04 1.00 / 

vnz_27270  Topoisomerase IV subunit A (ParC) 17.00 < 0.005 4.00 0.04 1.00 / 

vnz_24910 Endonuclease 11.00 < 0.005 - - 1.00 / 

vnz_17975  DNA Polymerase III Beta chain (DnaN) 9.33 < 0.005 - - 1.00 / 

vnz_16300 DNA topoisomerase I (TopA) 6.00 < 0.005 - - 1.00 / 

vnz_04355  uracil-DNA glycosylase (Ung) - - 20.00 0.01 0.94 / 

vnz_06885 Chromosome partitioning ATPase (Soj-like) - - 7.00 0.06 0.74 / 

vnz_07795  ABC excision nuclease subunit A (UvrA) - - 4.00 0.02 0.94 / 

vnz_32185 ATP-dependent DNA helicase (RecQ-like) - - 3.29 0.07 0.70 / 

Cell Wall / Membrane / Envelope Biogenesis 

vnz_04695 Putative Bifunctional Mannose-1-Phosphate Gaunyltransferase / 

Phosphomannomutase (ManC3) 
88.00 < 0.005 - - 1.00 / 

vnz_13620 Phosphomannomutase (ManB) 26.67 0.08 - - 0.66 / 

vnz_13725 UDP-glucose 6-dehydrogenase (Ugd) 20.00 0.10 - - 0.65 / 

vnz_11605 Putative bactoprenol glucosyl transferase 5.50 0.04 - - 0.77 / 

vnz_31470 Sugar Phosphate Isomerase/Epimerase (IolE-like) - - 26.67 0.08 0.66 Tat 

vnz_12370 2-keto-myo-inositol dehydratase - - 20.00 0.01 0.94 / 

vnz_25590  Phospholipase C, phosphocholine-specific - - 4.19 < 0.005 1.00 Tat 

Chaperones, Posttranslational modification, Protein turnover 

vnz_08915 Putative Iron-sulfur cluster insertion protein (ErpA) 66.67 < 0.005 - - 1.00 / 

vnz_11755  Hsp100 AAA+ ATPase Chaperone (ClpX) 44.75 < 0.005 27.00 < 0.005 1.00 / 

vnz_27280   Peptidase M16 31.00 < 0.005 - - 1.00 / 

vnz_11415  Molecular chaperone (DnaJ2) 26.67 0.08 7.00 0.06 0.74 / 

vnz_06015  Peptidyl-prolyl cis-trans isomerase (FkpB) 20.00 0.10 - - 0.65 / 

vnz_08085 Aminopeptidase N 13.00 < 0.005 - - 1.00 / 

vnz_18395  Xaa-Pro aminopeptidase (PepPI) 6.50 0.01 - - 0.95 / 
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vnz_27275 Peptidase M16 6.25 < 0.005 - - 0.98 / 

vnz_06215 Peptidase M20 (Chaplin-neighbouring) 6.20 < 0.005 - - 0.98 / 

vnz_16895  Nucleotide exchange factor (GrpE) 5.00 0.04 - - 0.75 / 

vnz_25065  Trx-domain chaperone  (YbbN/CnoX) 4.67 0.03 - - 0.83 / 

vnz_21940  10 kDa co-chaperonin (GroES) 4.33 0.06 - - 0.70 / 

vnz_23230  Alkyl hydroperoxide reductase (AhpC) 4.00 < 0.005 - - 1.00 / 

vnz_11840  Aminopeptidase N 3.86 0.07 - - 0.70 / 

vnz_07630  Fe-S cluster assembly protein (SufD) 3.33 0.07 - - 0.68 / 

vnz_06060   Proteasome AAA ATPase (Arc) 3.44 < 0.005 - - 1.00 / 

vnz_32055   Peptidase S8 (ucf1) - - 140.0 < 0.005 1.00 Sec 

vnz_14415 Putative peptidase Inhibitor I36 (VCBS repeat domain) - - 76.67 < 0.005 1.00 Sec 

vnz_29370   Peptidase S8 (ucf6) - - 40.00 0.08 0.67 Sec 

vnz_26645 Peptidase M16 (associated with pnp) - - 36.67 0.08 0.67 / 

vnz_32255 GNAT family N-Acetyltransferase - - 33.33 < 0.005 0.99 / 

vnz_31190 acyl-peptide hydrolase S9 - - 7.00 0.04 0.82 / 

vnz_11880  Peptidase S8 - - 5.70 < 0.005 1.00 Sec 

vnz_25255  Peptidase M4 (SgmA) - - 5.00 0.04 0.81 Sec 

vnz_31670 Xaa-Pro dipeptidyl-peptidase S15 - - 3.41 < 0.005 0.98 Sec 

vnz_17565 Aminopeptidase M18 - - 3.13 0.10 0.65 / 

Translation and RNA Maintenance/Turnover  

vnz_08490 Isoleucyl-tRNA synthetase 40.00 < 0.005 - - 1.00 / 

vnz_14585 Putative ABC-F Family ATPase 30.00 < 0.005 - - 0.99 / 

vnz_16055  tRNA-Ile-lysidine(34) synthetase (TilS) 26.67 0.01 - - 0.98 / 

vnz_05980  HelY-like Superfamily II RNA Helicase 20.00 0.10 32.00 < 0.005 1.00 / 

vnz_07295 Putative ABC-F Family ATPase 16.67 0.10 - - 0.65 / 

vnz_25535  Aspartyl/glutamyl-tRNA amidotransferase subunit A (GatA) 11.00 0.01 - - 0.98 / 

vnz_25895  Glutamyl-tRNA synthetase (GltX) 8.43 < 0.005 - - 1.00 / 

vnz_13395  Peptide chain release factor 2 (PrfB) 6.33 0.01 - - 0.96 / 
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vnz_17490  Methionyl tRNA synthetase (MetG) 6.00 0.01 - - 0.98 / 

vnz_26680 RNase J family beta-CASP ribonuclease 5.00 0.03 - - 0.83 / 

vnz_11745  Valyl-tRNA synthetase (ValS) 5.00 < 0.005 - - 1.00 / 

vnz_23520 GTP-binding protein (TypA-like) 4.29 < 0.005 - - 0.99 / 

vnz_25545  Aspartyl/glutamyl-tRNA amidotransferase subunit B (GatB) 4.20 0.05   0.74 / 

vnz_03805 DEAD/DEAH box helicase - - 12.00 < 0.005 0.98 / 

vnz_28815 Rnd-like Ribonuclease - - 8.00 0.03 0.84 / 

vnz_11650 Rne/Rng family ribonuclease - - 6.00 0.01 0.95 / 

Cytoskeleton 

vnz_08520  Cell division cytoskeletal protein (FtsZ) 20.00 0.01 - - 0.96 / 

vnz_11695  Cytoskeletal, rod-shape determining factor (MreB) 4.00 0.06 - - 0.72 / 

vnz_24955  Streptomyces cytoskeletal element (Scy) - - 21.00 < 0.005 1.00 / 

Fatty Acid Lipid Metabolism 

vnz_25805  Acetyl-coenzyme A carboxyltransferase alpha chain (AccB) 80.00 < 0.005 5.67 0.02 1.00 / 

vnz_10795  3-oxoacyl-ACP synthase (FabH) 53.33 < 0.005 - - 1.00 / 

vnz_22720  Propionyl-CoA carboxylase complex B subunit (PccB) 46.67 < 0.005 - - 1.00 / 

vnz_08020 PaaI-like thioesterase 33.33 < 0.005 - - 0.99 / 

vnz_07115 3-oxoacyl-[acyl-carrier-protein] reductase  (FabG) 20.00 0.10 - - 0.65 / 

vnz_31635 3-hydroxyacyl-CoA dehydrogenase (FadB2) 11.33 < 0.005 - - 1.00 / 

vnz_13925 Acetyl-CoA C-acyltransferase (FadA1) 11.00 < 0.005 - - 0.99 / 

vnz_31630  Acetyl-CoA C-acyltransferase (FadA2) 6.43 < 0.005 4.40 0.02 0.99 / 

vnz_29475 3-oxoacyl-[acyl-carrier-protein] reductase (FabG-like)  6.33 0.02 - - 0.87 / 

vnz_22690 Acyl-CoA carboxylase complex A subunit (AccA1 or AccA2) 5.75 0.01 - - 0.92 / 

vnz_28805 3-hydroxyacyl-CoA dehydrogenase (FadJ-like) 5.20 < 0.005 - - 0.99 / 

vnz_17970 6-phosphogluconate dehydrogenase (decarboxylating) 3.00 0.06 - - 0.72 / 

vnz_07110  Enoyl-(acyl-carrier-protein) reductase (InhA) 2.94 0.03 - - 0.81 / 

vnz_26465  1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase (GcpE/IspG) - - 17.00 < 0.005 1.00 / 

vnz_06325 Acyl-CoA dehydrogenase (FadE2-like) - - 3.43 0.07 0.69 / 
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Phosphate Metabolism and Signalling 

vnz_05805 SpoIIE-like Phosphatase 20.00 0.01 60.00 < 0.005 1.00 / 

vnz_10660 TerD-like chemical-damage resistance protein 23.33 0.01 - - 0.97 / 

vnz_16350 Anti-sigma B factor antagonist (BldG) 18.50 < 0.005 - - 1.00 / 

vnz_01270 Phosphotransferase (Proximal to GeoA) 15.00 0.01 10.67 < 0.005 1.00 / 

vnz_07530 TerZ-like chemical-damage resistance protein 8.00 0.08 - - 0.66 / 

vnz_23205 PhoH-like ATPase with RNA Helicase/RNase domain 4.79 0.09 - - 0.66 / 

vnz_12260 Putative Phytase - - 33.33 0.01 0.98 Sec 

vnz_09625 PhoD-like alkaline phosphatase - - 29.0 < 0.005 1.00 Tat 

vnz_11670 CHAD and phosphatase domain protein - - 26.67 0.01 0.97 / 

vnz_23260 SpoIIE-domain protein - - 23.33 0.10 0.66 / 

vnz_23470 PAS & SpoIIE Domain Protein - - 5.00 0.07 0.78 / 

vnz_08450 PhoD-like alkaline phosphatase - - 3.07 0.05 0.78 Tat 

Vitamin and Coenzyme Metabolism 

vnz_15365  Aminofutalosine synthase (MqnE) 73.33 < 0.005 12.00 < 0.005 1.00 / 

vnz_21020  Putative dehypoxanthine futalosine cyclase (MqnC) 63.33 < 0.005 26.67 < 0.005 0.99 / 

vnz_15625 Putative bifunctional uroporphyrinogen-III C-

methyltransferase/uroporphyrinogen-III synthase  
63.33 

< 0.005 
9.00 0.02 1.00 / 

vnz_15385  Putative menaquinone biosynthesis decarboxylase (MenA-like) 20.00 0.10 - - 0.65 / 

vnz_16865 Putative Pyridoxamine 5'-phosphate oxidase 20.00 0.10 - - 0.65 / 

vnz_26295 Aminotransferase (BioA-like) 13.00 < 0.005 - - 0.99 / 

vnz_19375  Rhodanese / Thiosulfate sulphur transferase (CysA) 6.75 0.01 - - 0.98 / 

vnz_26455  1-deoxy-D-xylulose 5-phosphate reductoisomerase (Dxr) 6.00 0.04 - - 0.79 / 

vnz_09110  Lipoic acid synthetase (LipA) 5.00 0.05 - - 0.74 / 

vnz_20760  Pyridoxamine 5'-phosphate oxidase (PdxH) 4.33 0.04 - - 0.75 / 

vnz_22215 bifunctional methylenetetrahydrofolate 

dehydrogenase/methenyltetrahydrofolate cyclohydrolase (FolD) 
3.83 0.07 - - 0.69 / 

Carbohydrate Metabolism 

vnz_11190  Pyruvate, phosphate dikinase (Ppdk) 40.00 < 0.005 - - 1.00 / 
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vnz_07710  Glucose-6-phosphate isomerase (Pgi) 9.00 0.01 - - 0.95 / 

vnz_13330 NAD-Dependent Malic Enzyme 8.25 < 0.005 - - 1.00 / 

vnz_12610 Glucosamine-fructose-6-phosphate aminotransferase, isomerizing (GlmS2) 8.25 < 0.005 - - 0.99 / 

vnz_09035  Pyruvate dehydrogenase E2 component: Dihydrolipoamide 

acetyltransferase (DlaT) 
7.00 0.01 - - 0.93 / 

vnz_10680 Pyruvate dehydrogenase E1 component (AceE) 3.63 0.01 - - 0.95 / 

vnz_12600 Beta-N-acetylhexosaminidase (HexA) - - 86.67 < 0.005 1.00 Sec 

vnz_06340 DUF1343 (NamZ) - - 80.00 < 0.005 1.00 Tat 

vnz_33110 Cellulase (GH Family 6) - - 53.33 < 0.005 1.00 Sec 

vnz_23445 Chitinase (GH Family 18) - - 46.67 < 0.005 0.98 Sec 

vnz_33225 Putative O-Glycosyl Hydrolyase (Superfamily 30) - - 17.00 0.07 0.67 Tat 

vnz_08710 N-acetylmuramoyl-L-alanine amidase - - 14.00 < 0.005 1.00 Sec 

vnz_12475 Putative secreted N-acetylglucosaminidase (Hex) - - 6.33 0.02 0.87 Tat 

vnz_03785 Peptide-N4-asparagine amidase A - - 5.10 < 0.005 0.98 Sec 

vnz_33230 Endo-1,4-beta-xylanase - - 5.00 0.10 0.65 Sec 

Nucleotide Metabolism 

vnz_22065  GMP Synthase (GuaA) 76.67 < 0.005 - - 1.00 / 

vnz_18890  Phosphoribosyl formylglycinamidine synthase II (PurL) 9.00 < 0.005 8.00 0.03 0.99 / 

vnz_06905  CTP Synthase (PyrG) 8.67 < 0.005 - - 1.00 / 

vnz_26240  Uridylate Kinase (PyrH) 8.33 0.02 - - 0.83 / 

vnz_28145 NUDIX Hydrolase 7.67 0.01 3.30 0.02 0.91 / 

vnz_05270  Dihydroorotase (PyrC) 5.50 0.04 - - 0.77 / 

vnz_24115  Ribonucleoside-diphosphate reductase subunit alpha (NrdL) 3.83 < 0.005 - - 1.00 / 

vnz_22190  bifunctional phosphoribosylaminoimidazolecarboxamide 

formyltransferase/IMP cyclohydrolase (PurH) 

3.50 0.02 - - 0.87 / 

vnz_12835 Putative ecto-nucleotide pyrophosphatase - - 50.00 < 0.005 0.98 Tat 

vnz_34895 Cytosine deaminase - - 76.67 < 0.005 1.00 / 

Amino Acid Metabolism 

vnz_16610  Putative aspartokinase (Ask) 31.00 < 0.005 - - 1.00 / 
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vnz_11585  Gamma-glutamyl phosphate reductase (ProA) 23.33 0.09 - - 0.65 / 

vnz_08845  Phosphoribosylanthranilate transferase (TrpD) 23.33 0.09 - - 0.65 / 

vnz_27060  Diaminopimelate epimerase (DapF) 20.00 0.09 - - 0.66 / 

vnz_08310  Indoleglycerol phosphate synthase (TrpC) 20.00 0.10 - - 0.65 / 

vnz_26450 3-phosphoshikimate 1-carboxyvinyltransferase  (AroA) 16.67 0.10 - - 0.65 / 

vnz_24745 Homoserine dehydrogenase (ThrA) 7.50 0.03 30.00 0.01 0.81 / 

vnz_24740  Diaminopimelate decarboxylase (LysA) 6.50 0.02 - - 0.86 / 

vnz_15785 Dihydroxy-acid dehydratase 4.12 0.02 - - 0.89 / 

vnz_20550 Phosphoserine aminotransferase 4.00 0.06 - - 0.71 / 

vnz_12505  Putative Agmatinase (SpeB-like) 3.89 0.05 - - 0.74 / 

vnz_24750 Threonine synthase (ThrC) 3.57 < 0.005 - - 0.99 / 

vnz_09440  Glutamine Synthetase (GlnA2) - - 33.33 0.01 0.98 / 

ABC Transport Machinery 

vnz_34815 Putative Foroxymithine (Fxm) ABC Transporter ATP-binding subunit 50.00 < 0.005 - - 1.00 / 

vnz_30760 SalX-like AMP ABC transporter ATPase component 11.00 0.08 - - 0.67 / 

vnz_07045 Fe/Mn ABC-transport ATPase subunit 6.60 0.01 - - 0.91 / 

vnz_09775 Fe(III)-Siderophore ABC-transport substrate-binding protein 5.33 0.02 - - 0.88 / 

vnz_19250  Phosphate ABC transport system ATP-binding protein (PstB) 4.18 0.02 - - 0.86 / 

vnz_36245 ABC transporter substrate binding protein (UgpB-like) - - 36.67 < 0.005 0.99 Sec 

vnz_04360 Putative Peptide ABC Transporter (DppA-like) - - 16.00 < 0.005 1.00 Sec 

Energy Production and Conversion 

vnz_11275   Probable ferredoxin reductase (FprA) 70.00 < 0.005 - - 1.00 / 

vnz_24835 F0:F1 ATP synthase subunit gamma (AtpG) 17.00 < 0.005 - - 1.00 / 

vnz_18275  Luciferase-like F420 Monooxygenase 16.67 0.1 - - 0.65 / 

vnz_22635 Aldehyde dehydrogenase 6.80 < 0.005 - - 1.00 / 

vnz_06130  Aerobic glycerol-3-phosphate dehydrogenase (GlpD-like) 4.00 0.03 8.00 0.03 0.84 / 

vnz_14230 FAD-dependent NADH dehydrogenase 4.14 0.06 - - 0.71 / 

vnz_24920 Luciferase-like F420 Monooxygenase - - 20.00 0.01 0.94 / 
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Intracellular Trafficking and Secretion 

vnz_19410 FABP Nitrobindin-like protein  4.50 0.07 - - 0.67 / 

vnz_26610  WXG100 Family Type VII secretion target (EsxA) 3.67 0.09 - - 0.66 T7S 

Secondary Metabolism 

vnz_00795 Putative CoA-transferase 210.00 < 0.005 - - 1.00 / 

vnz_00790 Putative 2,3-dihydroxybenzoate-AMP ligase 33.33 < 0.005 - - 1.00 / 

vnz_04435 Aminodeoxychorismate synthase, component I (Cml Cluster) 26.67 0.09 - - 0.65 / 

vnz_04470 Adenylate synthase (Cml Cluster) 12.25 < 0.005 - - 1.00 / 

vnz_34820 Putative amidohydrolase (Fxm cluster) 12.00 < 0.005 - - 0.98 / 

vnz_04480 Aldo/keto reductase (Cml Cluster) 6.20 0.02 - - 0.89 / 

vnz_27515 Putative Isoprene Cyclase Class II protein - - 19.00 0.02 0.88 / 

vnz_00800 Putative FadE2-like Acyl-CoA dehydrogenase - - 7.00 0.06 0.74 / 

vnz_27095 Putative IucA-like Siderophore synthetase (BGC 20) - - 7.00 0.06 0.74 / 

vnz_04445  Chloramphenicol non-ribosomal peptide synthetase (CmlP) - - 6.08 0.02 0.92 / 

General Prediction, Unknown Function, Hypothetical Proteins  

vnz_07310  Hypothetical 291.00 < 0.005 23.50 23.50 1.00 / 

vnz_13250 Hypothetical 43.33 < 0.005 - - 1.00 / 

vnz_05365 Hypothetical (DUF3903: possible ATPase) 33.33 < 0.005 - - 0.99 / 

vnz_02720 Hypothetical (DUF4097) 30.00 < 0.005 6.50 0.02 0.99 / 

vnz_27400 Hypothetical  20.00 0.10 - - 0.65 / 

vnz_28415 Hypothetical 16.67 0.10 4.67 0.05 0.65 / 

vnz_15555 Short-chain oxidoreductase 10.50 0.02 - - 0.89 / 

vnz_28410 Hypothetical 10.00 0.01 - - 0.94 / 

vnz_32045 Hypothetical 10.00 0.01 - - 0.96 / 

vnz_01845 Carbonic anhydrase 3.60 0.01 - - 0.91 / 

vnz_05400 Hypothetical 2.92 0.05 - - 0.74 / 

vnz_09020 Hypothetical - - 73.33 < 0.005 1.00 Sec 

vnz_35985 Putative alpha/beta hydrolase - - 46.67 < 0.005 1.00 Sec 
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vnz_21145 Hypothetical - - 46.67 < 0.005 1.00 Sec 

vnz_25245 Hypothetical (RHS repeat protein) - - 43.33 < 0.005 0.99 Sec 

vnz_03525 Hypothetical (LVIVD domain; choice-of-anchor B domain) - - 40.00 < 0.005 0.98 Sec 

vnz_14310 Putative AmpC-like beta-lactamase hydrolase - - 36.67 < 0.005 0.98 Sec 

vnz_17810 Hypothetical (DUF2252) - - 26.67 0.08 0.67 / 

vnz_06345 Putative erythromycin esterase - - 23.33 0.08 0.66 Sec 

vnz_00220 Hypothetical - - 22.00 < 0.005 1.00 Sec 

vnz_35330 Hypothetical - - 17.00 < 0.005 1.00 Sec 

vnz_09100 Hypothetical - - 14.50 < 0.005 0.99 / 

vnz_28340 Hypothetical (COG1479; DUF1524; DNA transferase) - - 10.50 < 0.005 0.96 / 

vnz_01435 Putative Hydrolase - - 10.50 0.01 0.95 Tat 

vnz_19015 Hypothetical (VCBS repeat domain) - - 10.00 < 0.005 1.00 Sec 

vnz_14535 Hypothetical (VCBS repeat domain) - - 9.50 0.03 0.86 Sec 

pvnz_37465 Hypothetical (VCBS repeat domain) - - 8.50 < 0.005 0.98 Sec 

vnz_17590 Hypothetical (LURP-1 like; COG4894) - - 8.00 0.03 0.84 / 

vnz_35450 Hypothetical (Heparinase-like domain) - - 6.00 0.05 0.80 / 

vnz_36080 Putative alpha/beta hydrolase (MhpC-like) - - 6.00 0.05 0.80 / 

vnz_02915 Hypothetical (MAEBL-like domain) - - 5.55 < 0.005 1.00 Sec 

vnz_32465 Hypothetical - - 5.33 0.04 0.84 / 

vnz_10320 Hypothetical (DUF891) - - 5.00 0.09 0.66 / 

vnz_08065 Hypothetical (SIMPL domain) - - 4.50 0.02 0.90 / 

vnz_32075 Hypothetical (RHS repeat protein) - - 4.67 0.10 0.65 / 

vnz_03780 Oxidoreductase (Gfo/Idh/MocA Family)   - - 4.46 < 0.005 1.00 Tat 

vnz_29175 Hypothetical - - 4.40 0.05 0.79 Sec 

vnz_28935 Hypothetical - - 4.00 0.02 0.94 / 

vnz_01385 Putative penicillin amidase - - 3.33 0.05 0.76 Sec 
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6.4. Confirming WblE Interactions via Bacterial Two-Hybrid Analysis 

In this chapter, Co-IP identified a strikingly large (albeit putative) WblE-interactome of 

over 200 proteins, within S. venezuelae NRRL B-65542, many of which are entirely novel to 

WhiB-like biochemistry. Of these, 28 were pulled down in both experimental timepoints. 

Henceforth, it became a necessity to try and confirm if these proteins were true physical 

interactions. To test this, pairwise interactions between WblE and several putative partners and 

related controls from the dataset were probed with an adenylate cyclase based bacterial two-

hybrid (B2H) assay. 

Adenylate cyclase enzymes catalyse the synthesis of cAMP, a potent nucleotide secondary 

messenger with roles in diverse signal transduction pathways. The human pathogen, Bordetella 

pertussis, employs an Adenylate Cyclase (CyaA) toxin to hijack intracellular signalling (Cerny et 

al., 2015). The CyaA toxin constitutes two domains, denoted T18 and T25, which function 

cooperatively to rapidly synthesise cAMP from ATP, however, physically separated subunits 

cannot self-assemble and are unable to synthesise cAMP. However, interacting proteins fused 

to either subunit can spatially complement the enzyme’s activity (Karimova et al., 1998, 2000). 

The EuromedexTM BAC2H system exploits this bipartite and modular architecture, within an 

adenylate cyclase deficient (cya-) E. coli host e.g. strain BTH101 (see Appendix A.5).  

In E. coli, cAMP allosterically regulates the Catabolite Activator Protein (CAP/CRP) which 

functions as a transcriptional activator of the lac (lactose) and mal (maltose) catabolic genes. 

Assuming an interaction between the ‘Bait’ (T18) and ‘Prey’ (T25) fusions, reconstituted CyaA 

activity and subsequent CAP-mediated activation of the lacZ gene (β-galactosidase) can be 

qualified by various β-galactosidase assays. The work in this thesis used M63 Minimal Medium, 

supplemented with 0.3% w/v Maltose (≥ 99.9%) and the lactose-analogue indole dye, X-Gal (5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside). On this medium, growth and X-Gal staining 

are dependent on the reconstitution of cAMP synthesis and can provide less ambiguous results 

compared to growth permitting media such as LB + X-Gal.  

The BAC2H system delivers the T18 & T25 subunits on two sets of replication compatible 

vectors, carrying either a 5’ (N-terminal) or 3’- (C-terminal) multiple cloning site, allowing the 

generation of in-frame fusions within each subunit’s coding sequence, and subsequent co-

transformation to generate up to four possible plasmid (and fusion protein) combinations (See 

Figure 6.13). Nevertheless, testing all putative targets identified by Co-IP, in all combinations, 

was not feasible. Instead several of the most significant and highly enriched proteins were 

selected for further analysis, including WblE itself, the canonical partner HrdB, as well as the 

hypothetical protein vnz_07310, ClpX, MqnC, Scy. In addition, MtrA – an important metabolic 

and developmental regulator which directly binds the wblE promoter (Section 5.5.3, Som et al., 
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2017a & 2017b), was present in the Co-IP data but fell below the BFDR significance cut-off 

(BFDR = 0.27); this protein was also tested as control.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13. A basic scheme for the position of multiple cloning sites in the cyaA genes of 

pK(N)T25 (top) and pUT18(c) (left) and cartoon representations of their theoretical fusion 

products (prey and bait in orange). Four potential combinations arise from the two plasmid 

pairs which can reconstitute cAMP synthesis, if prey and bait physically interact, and induce 

CAP-dependent activation of the lacZ reporter gene. 
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6.4.1. WblE interacts with itself and HrdB in optimised bacterial two hybrid assays  

The hrdB (region 4.2), wblE, scy, mtrA genes were codon optimized, cloned into the full 

BAC2H vector set and co-transformed into E. coli BTH101 in all possible combinations (Figure 

6.13).  This ‘optimised’ set of strains were run together with each inoculum normalised to an 

OD600 of 0.1 and washed in M63 to remove residual LB medium which may permit growth. 

Strains BTHLB4, BTHLB10, BTHLB16 and BTHLB22 (WblE:HrdB)  and strains BTHLB2, BTHLB7 

(WblE:WblE) demonstrated robust growth and blue staining comparable to that of the positive 

control. However, no growth or staining was observed for fusions of MtrA or Scy (not shown). A 

single false-positive result was obtained for E. coli strain BTHF11 between HrdB and T18, 

however this demonstrably had no effect on any of the positive results (Figure 6.14.a). 

 

6.4.2. WblE interacts with vnz_07310 in ‘crude’ bacterial two hybrid assays 

In contrast to the ‘optimized’ group, mqnC, and clpX were cloned as their full-length, 

native sequences from the S. venezuelae genome and co-transformed with codon optimised 

wblE plasmids. The vnz_07310 locus presented an incredibly difficult gene to clone, likely owing 

to its near 80% GC ratio. As such, the gene was split into two separate N- and C-terminal 

sequences. Due to time constraints, these genes were only tested within a limited set of vector 

combinations (Figure 6.14.b). Moreover, these runs were performed at 22oC to promote the 

stability of fusion-proteins. The strains from the first assay were run to control for temperature-

based effects on growth/mutagenesis. The results show a clear indication of interaction between 

WblE and the N-terminus of vnz_07310, with a weaker responses from the C-terminal portion, 

highlighting this protein as a novel partner for WblE. Processing of the raw (binary) data with 

SAINTexpress was a necessity for the identification of vnz_07310, but not σHrdB, demonstrating 

that significant noise can obscure legitimate results in Streptomyces spp. CoIP-MS experiments. 

A similarly weak result was regularly observed against full length MqnC, compared to the 

negative control and associated false-positive controls. Intriguingly, no growth or staining was 

observed for ClpX (not shown) despite ClpP1 being identified as a necessary protein for 

degrading WhiB1 in Mycobacterium spp. (Raju et al., 2014; d’Andrea et al., 2022). Occasionally 

ClpX requires adaptors to interact with lower affinity substrate proteins and it cannot be ruled 

out that an adaptor is required for the interaction between ClpX and WblE. Alternatively, 

endogenous E. coli ClpP complexes could have degraded WblE, weakening the BTH response. 
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Figure 6.14. (a) Optimised Blue-White BAC2H growth assays on M63 medium at 30oC. (i) control strains and HrdB false positive BTHF11 (ii) 

WblE:WblE and (iii) WblE:HrdB region 4.2. (iv) WblE:MtrA and WblE:Scy assays. Growth visualised over 3 days. (b) Non-optimised Blue-White 

BAC2H assays on M63 media at 22oC showing (i) Controls; (ii) positive WblE:HrdB strains; (iii) positive WblE:WblE strains; (iv & v) test strains for 

WblE vs vnz_07310 N-terminal and C-terminal portions, respectively; (vi) test strains for WblE vs MqnC. Growth visualised at 3 days and 5 days. 

Growth comparable to negative controls or associated false positives controls has been marked as ‘NG’. Each row shows strain names and 

respective plasmid combinations in the box (See also Table A.5). 
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6.5. Discussion  

Protein-protein interactions underpin the functions of the WhiB-like protein family; this 

chapter explored the possibility that WblE may contribute to similar, and possibly diverse, 

interactions in the cell via 3xFLAG-tagged WblE CoIP-MS (CoIP-MS) and analysis of the data 

with SAINTexpress. The three most highly ranked proteins identified by CoIP-MS were the WblE-

3xFLAG bait, (vnz_24255 – rank 1), the conserved hypothetical protein vnz_07310 (rank 2), and 

the sigma factor HrdB (vnz_27210 – rank 3), which were each subsequently confirmed as bona 

fide interactors by positive results in bacterial two hybrid assays. A vast potential WblE 

interactome was identified with high significance and individual hits were subsequently sorted 

into functional groups and, where possible, developed into networks based on interdependent 

function and known/expected interactions. Among these were networks relating to transcription, 

proteostasis (translation, chaperones, proteases), metallocofactor synthesis (Fe-S, Haem), 

terpene and fatty acid lipid metabolism. Gene products associated with ‘bald’ developmental 

decisions and signals dominated in terms of number of hits and their respective significance.  

It is important to note that CoIP-MS experiments are prone to generating obtuse results due to 

highly interconnected interaction networks and complexes which form in the cell; for example, 

the interacting components of the RNA Polymerase complex are likely to co-exist in datasets, 

hence putative interactions which lack further characterisation by alternative methods, such as 

B2H, remain speculative and further work is vital to determine their legitimacy. 

 

6.5.1. Insights into WblE-containing transcription complexes and •NO-sensing in vivo 

The [4Fe-4S] dependent interaction between Wbl proteins and the primary sigma factor 

σHrdB (σA) is well established across multiple actinobacteria genera and is central to their function 

as DNA-binding transcription factors. With respect to this, WblE CoIP-MS revealed a snapshot 

of a complete transcription complex (α2ββ’ω) that is likely associated with the WblE:σhrdB 

subcomplex, including significant enrichment of the auxiliary transcription factors RbpA, which 

binds the σ-factor simultaneously with Wbl proteins, and (the previously unreported) RbpB. 

Multiple known (BldM, HpnR, PafBC, FruR, vnz_05140) or putative (vnz_28560) regulators were 

significantly enriched in the WblE CoIP-MS. In the case of WhiB, the co-occuring [4Fe-4S]-

dependent interaction with WhiA is requisite for WhiB DNA-binding and co-regulation of their 

shared regulon (Bush et al., 2016; Lilic et al., 2023). Most notably, WblE ChIP-seq demonstrated 

that three bona fide BldM target promoters are shared with WblE. It seems likely, therefore, that 

these regulators interact with WblE to direct binding and transcription of a subset of genes, 

analogous to WhiA and WhiB. These data will undoubtedly prove useful for future structural and 

functional studies of WblE. 
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Previous work has demonstrated that the interaction with the primary σ-factor protects the WhiB, 

WhiD, WhiB1 and WhiB3 Fe-S clusters from oxygen-based degradation, in vitro, alluding to a 

potential role as specific •NO sensor-regulators via their iron-sulphur cluster (Wan et al., 2020; 

Stewart et al., 2021; Lilic et al., 2023). Consistent with a similar role for WblE as an •NO sensor, 

in vivo, WblE co-precipitated with Nitrobindin, a specific •NO scavenging, trafficking and 

detoxifying haemoprotein (Nbn – Section 6.3.4.2). The role for Nbn in remains largely speculative 

Streptomyces spp. but is derived from work on M. tuberculosis and H. sapiens homologues 

which, despite their domain-spanning divergence, exhibit analogous activity in vitro (De Simone 

et al., 2020a & 2020b). By contrast, other antioxidant proteins present in the data were far below 

significance in all replicates (not shown). The prospect of a specialised role for Nbn in modulating 

nitrosylation of Wbl proteins is supported by their co-evolution in Actinobacteria (Chandra & 

Chater, 2014).  

 

6.5.2. The Potential for Novel WhiB-like [4Fe-4S] Electrochemistry  

In the available literature, the WhiB-like [4Fe-4S] clusters are generally considered 

sensory and structural cofactors, with little to no evidence for roles in electron transport. For this 

reason, the strong and significant enrichment of a probable NADPH:ferredoxin oxidoreductase 

(vnz_11275), homologous to the novel (adrenodoxin reductase-like) FprA of Mycobacterium 

spp., was surprising. The FprA flavoenzyme catalyses the 1e- reduction of cognate ferredoxins 

for transfer to cognate cytochrome P450 systems in this organism but remains unstudied in 

Streptomyces spp. However, as previously mentioned, no potential cognate ferredoxin, 

ferredoxin-like or flavodoxin-like proteins encoded by S. venezuelae were present in the CoIP-

MS datasets which suggests that WblE [4Fe-4S] may contribute to a non-canonical electron 

transport pathway, in vivo.  

Two of the core proteins of the CoIP-MS dataset were the radical SAM (rSAM) [4Fe-4S] enzymes 

MqnC (vnz_21020) and MqnE (vnz_15365) which function in the synthesis of the membrane-

bound respiratory electron shuttle menaquinone (MQN) and a weak interaction between WblE 

and MqnC was indicated by B2H, suggesting that these proteins may comprise a cognate 

electron transport pathway for this proposed novel function (Cooper et al., 2013; Mahanta et al., 

2013). The catalytic cycle of all rSAM enzymes requires the reduction of the iron-sulphur cluster 

from the catalytically inactive [4Fe-4S]2+ to the active [4Fe-4S]1+ state, which is necessary for the 

reductive cleavage of SAM to the 5’-deoxyadenosyl radical (5'-dAdo•). It has been postulated 

that specialised rSAM electron transfer systems are likely widespread in order to accommodate 

the diverse functions, surface topologies and evolutionary divergence of these enzymes and this 

is reflected in the emerging literature (Knappe et al., 1969; Bruender et al., 2015; Eastman et al., 



171. 

2023; Brimberry et al., 2023). The T. maritima tRNA-modifying rSAM enzyme MiaB, for example, 

is activated in vitro by endogenous [4Fe-4S] ferredoxins, with the reducing electron ultimately 

derived from the cognate TM1639-TM1640 NADPH:ferredoxin-oxidoreductase (Arcinas et al., 

2019). Previous work with reconstituted holo-WhiD, holo-WhiB3 and holo-WhiB1 has 

demonstrated that the clusters can undergo 2+ to 1+ chemical reduction, however, native (as-

purified) holo-WhiD is resistant to chemical reduction, indicating a highly reductive redox 

potential (– 460mV or less) that would suit a ferredoxin like role (Jakimowicz et al., 2005; Singh 

et al., 2007; Crack et al., 2009; Smith, 2012). Nonetheless, investigations into the 

electrochemistry and redox potential of Wbl [4Fe-4S] clusters, especially WblE, are lacking and 

the interpretation of these results remains highly speculative. The identification of potential redox 

partners in this CoIP-MS experiment will allow a more direct analysis of these characteristics 

with WblE in vitro, which, if legitimate, could ultimately shift the paradigm of WhiB-like function.  

So far, all work on holo-Wbl proteins has relied upon reconstitution of the cluster via non-

physiological approaches which, as discussed above, have been shown to measurably effect 

cluster electrochemistry, and their reactions with both •NO and O2 (Crack et al., 2009).  

Otherwise, strenuous anaerobic purification methods and storage are required to capture native 

conformations and dynamics (Stewart et al., 2020). The possibility that the A-type carrier, ErpA, 

can facilitate WblE cluster biogenesis may offer a potential surrogate for reconstitution and 

subsequent transfer to Wbl proteins via a more biologically relevant route, that implores further 

investigation. 

 

6.5.3. Is WblE Phosphorylated in vivo? 

Phosphorylation is a common and reversible PTM employed to control the protein 

function and activity, including transcriptional regulators; the best documented examples of this 

in prokaryotes is the PTM of response-regulators by cognate sensor kinases in two-component 

systems (e.g. MtrA or AbrC3). Evidence already exists for phosphorylation of WhiB2, the 

mycobacterial WhiB homologue; the effect of phosphorylation on WhiB2 DNA-binding has not 

been explored but this modification may be vital for its proposed chaperone-like activity (Konar 

et al., 2012). Thus, the prospect for WhiB-like phosphorylation exists, although its importance is 

poorly studied, and potential in vivo phosphorylation mechanisms have not been proposed.  

In this this work, WblE consistently co-precipitated with an aminoglycoside phosphotransferase 

(APH)-like protein (vnz_01270) which could potentially phosphorylate WblE to modulate aspects 

of its function. While APHs are considered antibiotic phosphotransferases, the three-dimensional 

structures of APHs are strikingly similar to those of eukaryotic protein Ser/Thr kinases (EPKs) 

and are sensitive to EPK inhibitors, ultimately indicating a similar enzymatic mechanism (Daigle 
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et al., 1998). Indeed, APH enzymes are capable of phosphorylating EPK substrates, in vitro, 

albeit exclusively on serine residues (Daigle et al., 1998). It is possible, therefore, that vnz_01270 

represents a protein kinase which phosphorylates WblE on one or multiple of its serine residues, 

which are positioned by the C-terminal domain and GVWGG motifs, to modulate function.  
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Chapter 7. 

A Broadening Horizon for Wbl Research:  

General Discussion, Conclusions and Future Work  

 

7.1. Summary 

The overarching aim of this doctoral work was to characterise the WhiB-like wblE gene 

and the function of its product, in the model organism S. venezuelae NRRL B-65442. In general, 

the WhiB-like family have emerged as unique [4Fe-4S]-binding transcription factors which 

control vital cellular processes in Actinobacteria, via a conserved interaction with the primary σ-

factor. However, prior to the inception of this project, no work had directly characterised wblE 

in Streptomyces spp. hence these characteristics remained speculative.  

Consistent with the WhiB-like paradigm, this work has demonstrated that WblE binds a [4Fe-

4S]2+ cluster, in vitro. An engineered pCRISPomyces-2 CRISPR-Cas9 platform was utilised to 

confirm the hypothesis that the wblE (vnz_24255) gene and its product, including all four cluster-

ligating cysteines, are essential in S. venezuelae NRRL B-65442. Nevertheless, several residues 

were also shown to be dispensable for function. 

WblE-3xCFLAG ChIP-seq experiments confirmed that WblE likely functions as a global DNA-

binding transcription factor that binds with an 8 bp motif (AAACGGAT) that is often adjacent to 

-35 bp sites, consistent with an interaction with HrdB. The promoters of a range of stable RNA 

and asRNA genes dominated the data. Intriguingly, WblE also bound the promoter of the cell-

cycle initiator dnaA and its own promoter, in vivo and in vitro. Putative developmental targets 

indicate that WblE controls primarily ‘bld’ developmental decisions.  

Subsequent WblE-3xCFLAG CoIP-MS experiments provided the first snapshot of the protein 

environment associated with a Wbl protein, in vivo. Guided by the CoIP-MS data, bacterial two-

hybrid assays confirmed interactions between WblE and HrdB (as anticipated), itself, and the 

novel protein vnz_07310. Proteins that were previously only presumed to cooperate with WblE 

were also identified, such as iron-sulphur biogenesis machinery and nitrobindin, providing vital 

cellular context to WblE and insights into dynamics of the [4Fe-4S] cluster.  
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7.2. Towards an Understanding of wblE Essentiality in Streptomyces spp. 

A key question remains, regarding wblE and its homologues in Streptomyces spp: What 

is responsible for the product’s essentiality?  

As previously discussed in Chapter 5, the essentiality of wblE may stem from its ability to bind 

and activate expression of the essential gene, dnaA, the initiator of chromosomal DNA 

replication. Nonetheless, WblE also globally associated with the promoters of stable RNAs, 

ribosomal proteins, core subunits of the RNA polymerase, respiration and central carbon 

metabolism; widescale dysregulation of the transcription of these genes, via the deletion of wblE, 

could also potentially elicit a lethal phenotype. Nevertheless, WblE also regularly co-precipitated 

with multiple, presumably essential, proteins involved in respiration (HemD, MqnC, MqnE, FprA) 

and lipid metabolism (AccB), and may play vital post-translational roles in the quality control or 

function of these proteins. Indeed, interactions beyond the RNA polymerase have been reported 

previously but are poorly understood.  

Future work should generate conditional wblE knockdowns using an inducible promoter or 

dCas9-mediated gene-silencing, to overcome the lethality associated with the ΔwblE phenotype, 

and enable subsequent transcriptomic and proteomic analyses to quantify global cellular 

changes associated with the abrogation of wblE expression. Significant changes can then be 

compared with the ChIP-seq and CoIP-MS data to pinpoint overlapping, putatively essential 

functions for more specific analyses.  

 

7.3. Exploring Complex Potential Functions for WblE in Transcriptional Complexes 

A range of potential co-regulators were identified in the CoIP-MS, which may interact 

with WblE in transcription complexes (Chapter 6). To date, such an interaction has only been 

demonstrated for WhiB and WhiA but this may imply broader conservation of this characteristic.  

As stated by Prof. Mark Buttner (personal communications) this behaviour is reminiscent of the 

general transcription factors (GTFs) of eukaryotes which orchestrate the formation of multipartite 

pre-transcriptional complexes to contact distal genetic (enhancer) elements that are not limited 

to promoter regions and tightly regulate transcriptional initiation (Panigrahi & O’Malley, 2021). 

Studying these interactions could unveil a similar paradigm for actinobacterial transcription 

complexes which may contribute to the cryptic nature of certain BGCs.  

Attempts at generating Cryo-EM structures of the RNA polymerase in complex with BldM and 

WblE at their shared promoters could help clarify this. However, with the exception of BldM (Al-

Bassam et al., 2014), no putative regulatory targets have been identified for regulators identified 

in the CoIP-MS. Additional ChIP-seq experiments could be performed to ascertain a broader 
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range of promoters which potentially rely upon this unique mechanism of prokaryotic 

transcription initiation. In vitro transcription assays could help clarify how RNA polymerase in 

complex with WblE affects the transcription of specific genes at target genes in the presence or 

absence of these putative co-regulators. 

 

7.4. The WhiB-like [4Fe-4S] Cluster Conundrum 

It has been 20 years since Wbl proteins were shown to bind Fe-S clusters. However, our 

understanding of the dynamics of Wbl clusters is lacking. It has become widely accepted that 

Wbl Fe-S clusters are likely to act primarily as sensory/structural cofactors. However, the 

enrichment of FprA challenged this paradigm (Chapter 6.3.4.1), suggesting that Wbl clusters 

can be reduced akin to ferredoxins. It is of utmost importance to experimentally determine this 

fact as it could vastly expand the function of this protein family. A property of [4Fe-4S]2+ clusters 

is that they are diamagnetic (S = 0) and yield silent electron paramagnetic resonance (EPR) 

spectra. Conversely, reduced [4Fe-4S]1+ clusters are paramagnetic (S = ½) and yield distinct 

EPR spectra. Hence, the hypothesis that holo-WblE is reduced by the activity of FprA could be 

tested in vitro by incubating the purified proteins in the presence of NADPH and assessing EPR 

spectra compared to a control sample without FprA and NADPH. It may also be possible to 

demonstrate an interaction between WblE and FprA in the B2H assays, such as those used in 

this thesis. 

In the same way that nitric oxide mediated [4Fe-4S]-nitrosylation is an important regulatory 

signal for WhiB-like function, cluster incorporation is hypothesised to be foundational for these 

signalling pathways in vivo. However it has still not been ascertained how Wbl proteins receive 

their cluster. This work demonstrates that Wbl proteins may not receive their cluster directly 

from the Suf apparatus (SufD), as would be presumed. The possibility that the A-type carrier, 

ErpA, can facilitate WblE cluster biogenesis offers a potential surrogate for reconstitution and 

subsequent transfer to Wbl proteins via a more biologically relevant route in vitro. So far, all work 

on holo-Wbl proteins has relied upon reconstitution of the cluster via non-physiological 

approaches which, as discussed above, have been shown to measurably effect cluster 

electrochemistry, and their reactions with both •NO and O2 (Crack et al., 2009).  Otherwise, 

strenuous anaerobic purification methods and storage are required to capture native 

conformations and dynamics (Stewart et al., 2020). Assessments of interactions between these 

proteins in bacterial two hybrid and in vitro assessment of transfer between holo-ErpA and apo-

WblE should form the foundation of this branch of Wbl research. 
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7.5. Exploring a Function for WblE and vnz_07310 within Streptomyces PPS 

The vnz_07310 protein is novel to WhiB-like biochemistry and has only appeared 

transiently in a single PhD thesis and scientific publication to date (Xu et al., 2017; Al-Tarawni, 

2019).  C-I-TASSER predicted unprecedented structural homology between vnz_07310 (and 

SGR5650) to the RPN1 ubiquitin receptor, an essential component of the eukaryotic ubiquitin 

proteasome system (UPS). Although largely absent from eubacteria, Actinobacteria carry an 

evolutionarily distinct but analogous system, the prokaryotic ubiquitin-like protein (Pup) 

proteasome system (PPS). The PPS is vital for overcoming Nitrosative-stress in Mycobacterium 

spp. and in the analogous Eukaryotic systems, hence, it is an attractive proposition that an •NO-

sensing [4Fe-4S] protein interacts with a putative Pup-receptor and contributes to the PPS.  

From the work performed in thesis, it was not possible to ascertain whether WblE interacts with 

vnz_07310 in its apo- or holo-form which provides direction for future research into this 

interaction.  This could be achieved through in vitro purification and biochemical analysis of the 

complex as well as mutagenesis of WblE Cys residues to assess the effect on the interaction. 

Work by Konar et al., (2012) previously proposed in vitro chaperone-like activity for apo-WhiB2, 

suggesting that WhiB2 acts as a novel small heat shock protein (smHSP). A similar function for 

WblE may be linked to a role in the PPS, and the broad range enrichment of proteins in the CoIP-

MS data beyond transcription, including the aggregation-prone luciferase and rhodanese-like 

proteins. Notably, WhiB regulates the pafA2 Pup-ligase with WhiA and provides precedent for 

such a function in S. venezuelae. 

Investigations into the Streptomyces spp. PPS systems are still in their infancy and no work has 

yet investigated pupylation targets in S. venezuelae. However, comparison of Pup-targets 

assigned in S. coelicolor and Mycobacterium spp. (Compton et al., 2015; Boubakri et al., 2015) 

with the CoIP-MS data revealed a surprising number of homologues in S. venezuelae that are 

distributed broadly throughout the significant hits. These circumstantial observations indicate a 

role for vnz_07310 as a Pup-binding protein, analogous to RPN1, but more direct analysis of 

vnz_07310 via knockouts, CoIP-MS and bacterial two hybrid analysis between vnz_07310 and 

Pup (vnz_06025), could help determine whether it truly functions within the PPS and generate 

a more definitive description of its role. 
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7.6. Closing Statement 

In closing, this work has offered the first insight into the functions of the essential WhiB-

like regulator, WblE, in Streptomyces. The gene fits the WhiB-like paradigm whereby it binds a 

[4Fe-4S] cluster and functions as a global regulator, at least in part via a [4Fe-4S]-dependent 

complex with the primary sigma factor. Nevertheless, WblE has additional cellular partners which 

indicates roles beyond transcription and our current understanding. It is hoped that the findings 

and speculations of this thesis will inspire future research and discoveries, especially for 

homologues present in key pathogens such as Rv3219 (WhiB1) of Mycobacterium tuberculosis. 
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Table A.1.  Primers used in this thesis, their respective orientations and brief descriptions of their uses. 

Primer Ori Description of Target/Function Sequence 

LBc004 F S.coelicolor wblE amplification CCTAGAGAGGTAGCAGCC ATGGACTGGCGTCACCGCG 

LBc002 R S.coelicolor wblE amplification gataagtttatc aagctt TCAGGCGGAGGCCTGACGA 

LB007 F wblE multiple use / diagnostic primer 1 AGCGTTCACATTCACAAGCA 

LB008 R wblE multiple use / diagnostic primer 2 TTGGCTTCCTCGATCTGCA 

LB009 R wblE multiple use / diagnostic primer 3 GCTCGAATGCTGTGGGTTAC 

LB010 R wblE multiple use / diagnostic primer 4 GTTCACCGCCCCTTTATTCC 

LB011 F vnz_24260-situated sgRNA (a) ACGC CCACCGCCGGAGTGGAAAGA 

LB012 R vnz_24260-situated sgRNA (a) AAAC TCTTTCCACTCCGGCGGTGG 

LB013 F wblE KO HRT 5’ primer ttgccgccgggcgtttttta tctaga GGCGTCCACCAACATGTACAC 

LB013ex F vnz_24260 KO HRT 5’ primer ttgccgccgggcgtttttta tctaga ATCAAGCGCCACTTCCGTGACAAG 

LB014a R (a)sgRNA PAM mutation  CGACGCAGTCCGAGCACGTC GAGCGCCGTTTCGAAGGAC 

LB015a F (a)sgRNA PAM mutation  GACGTGCTCGGACTGCGTCG TCTTTCCACTCCGGCGGT 

LB016 R wblE KO HRT central primer GGTGAATGCATACGCGATGTATGC  AAGCTGGTTGCTTGTGAATGTGAAC 

LB017 F wblE KO HRT central primer GTTCACATTCACAAGCAACCAGCTT  GCATACATCGCGTATGCATTCACC  

LB018 R wblE KO HRT 3’ terminal primer (short) cctttttacggttcctggcctctagaGATGGTCCTCACCGAGATCCT 

LB021 R vnz_24260 KO HRT 3’ terminal primer cctttttacggttcctggcctctagaACGAAGGTGGTCCTCGACATT 

gRNA-test F pCRISPomyces-2 gRNA test primer ATACGGCTGCCAGATAAGGC 

LB032 F ptasRNAi #2 2xNdeI o/h F ggattccatatgCAGTGGTGGTGGTGGTGGTGCgcatgcCCGGTGTTGCCGATGGGGAAG 

LB033 R ptasRNAi #2 2xNdeI o/h R ggattccatatgCAGTGGTGGTGGTGGTGGTGCctgcagGGGATTCGTGAAAGCGTTCAC 

LB034 R NFLAG tag genome-to-flag o/l  CCGTCGTGGTCCTTGTAGTC CATGGCTGCTACCTCTCTAGGGT 

LB035 F NFLAG-tag with 034 genomic o/l  ACCCTAGAGAGGTAGCAGCCATG GACTACAAGGACCACGACGG 

LB036 R NFLAG-tag wblE with genomic o/l GGCGTTGTGACGCCAGTCCAT actaccgccaccgccaga 

LB037 F NFLAG-tag wblE with flag o/l tctggcggtggcggtagt ATGGACTGGCGTCACAACGC 

LB038 F F-test upstream of PAM in vnz_24260 TTTCGACGCGAGTGTCATCGG 
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LB040 F R-test outside LB018/ LB021 KO terminal primers GGAGTTCGACGAGATCGCCGA 

LB041* F wblE amplification only. GTGGAAGGGCCCAAAGTCCTTTC 

LB041 F wblE – AvrII  ggattc CCTAGG GTGGAAGGGCCCAAAGTCCTTTC 

LB041hf F wblE – AvrII, pSS170 overlap ctcgagagatgtaca CCTAGG GTGGAAGGGCCCAAAGTCCTTTC 

LB042 R wblE - HindIII ggattc AAGCTT GCGGTGAATGCATACGCGATGTAT 

LB042hf R wblE - HindIII, pSS170 overlap  gataagtttatc AAGCTT tcaGGCGCTGGCGTTACGC 

LB043 F wblE – NdeI ggattc CATATG GACTGGCGTCACAACGC 

LB046 F wblE internal sgRNA  ACGC GGGGTCTTCCTCACGACAAA 

LB047 R wblE internal sgRNA  AAAC TTTGTCGTGAGGAAGACCCC 

LB048 R vnz_24260 KO HRT central Rev TCAATTGACCACGAGAAGTGCGCG CATGAGCGCCAGGGTACCTACC 

LB049 F vnz_24260 KO HRT central Fwd ATGCGCGCACTTCTCGTGGTCAATTGA GTGGAAGGGCCCAAAGTCCTTT 

LB050 R wblE snt introducing Rev CCGCGTTGTGACGCCAGTCCATGGCTGCTACCTCTCTAGGGTGTTA 

LB051 F wblE snt introducing Fwd CAGCCATGGACTGGCGTCACAACGCGG TTTGTCGTGAGGAAGACCCCGAG 

LB071 R wblEp reverse, overlap with LBc004 GTGACGCCAGTCCAT GGCTGCTACCTCTCTAGGGTGTTACA 

LB072 F wblE-NdeI incorporating (pCi)snt (pIJ24255SNT) gctg cat ATGGACTGGCGTCACAACGCGG TTTGTCGTGAGGAAGACCCCGAG 

LB082n F WblE c.o. Fwd amplification NdeI ctgatcc catatg GACTGGCGTCATAATGCGGTGT 

LB083t R WblEc.o. Rev with no TGA HindIII pET29b o/l ggaaccgcgtggcag aagctt CGCGCTCGCATTACGCG 

LB083ut R WblEc.o. Rev with TGA-stop HindIII  ggaaccgcgtggcag aagctt TCACGCGCTCGCATTACGCG 

LB088 F C9; 37; 40; 46S; D13A fragment adaptor CAGCCATGGACTGGCGTCAC 

LB089 F CFLAG (GenewizTM) fragment adaptor TCGC AACCGGGCGCGTAACGC 

LB108 F pKT25 dgkE Fwd acgcggcgggctgcagggtcgac TCTAGA GATG CGTGCGCTGCTGGTTGTGAA 

LB109 R pKT25 dgkE Rev acggccgaattcttagttactta GGTACC CG AACGATCACACGCAGCGCAC 

LB110 F pUT18c dgkE Fwd tggaacgccactgcaggtcgac TCTAGA GATG CGTGCGCTGCTGGTTGTGAA 

LB111 R pUT18c dgkE Rev ttatatcgatgaattcgagctc GGTACC CG AACGATCACACGCAGCGCAC 

LB112 F pKNT25 & pUT18 hrdB-truncc.o.  gcttgcatgcctgcaggtcgac TCTAGA GATG CCGGCGGATGCGGTGAG 

LB113 R pKNT25  hrdB-truncc.o. catggtcattgaattcgagctc GGTACC CG TTAATCCAGATAGTCACGCAGCACTTG 

LB114 R pUT18  hrdB-truncc.o. cgctggcggctgaattcgagctc GGTACC CG TTAATCCAGATAGTCACGCAGCACTTG 

LB115 F pKT25  hrdB-truncc.o. acgcggcgggctgcagggtcgac TCTAGA GATG CCGGCGGATGCGGTGAG 
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LB116 R pKT25  hrdB-truncc.o. acggccgaattcttagttactta GGTACC CG TTAATCCAGATAGTCACGCAGCACTTG 

LB117 F pUT18c  hrdB-truncc.o. tggaacgccactgcaggtcgac TCTAGA GATG CCGGCGGATGCGGTGAG 

LB118 R pUT18c  hrdBtrunc-c.o. ttatatcgatgaattcgagctc GGTACC CG TTAATCCAGATAGTCACGCAGCACTTG 

LB119 F pKNT25 & pUT18 wblEc.o. gcttgcatgcctgcaggtcgac TCTAGA GATG GACTGGCGTCATAATGCGGTGT 

LB120 R pKNT25 wblEc.o. catggtcattgaattcgagctc GGTACC CG CGCGCTCGCATTACGCG 

LB121 R pUT18 wblEc.o. cgctggcggctgaattcgagctc GGTACC CG CGCGCTCGCATTACGCG 

LB122 F pKT25 wblEc.o. acgcggcgggctgcagggtcgac TCTAGA GATG GACTGGCGTCATAATGCGGTGT 

LB123 R pKT25 wblEc.o. acggccgaattcttagttactta GGTACC CG CGCGCTCGCATTACGCG 

LB124 F pUT18c wblEc.o. tggaacgccactgcaggtcgac TCTAGA GATG GACTGGCGTCATAATGCGGTGT 

LB125 R pUT18c  wblEc.o. ttatatcgatgaattcgagctc GGTACC CG CGCGCTCGCATTACGCG 

LB126 R wblE 24255CT-trunc aaaaggggatgataagtttatcaagctt TCA CTCGTCCTCGCTGAGGCCA 

LB127 F hrdBc.o.-trunc, EcoRI ggatccgaattcgatgccggcggatgcggtgagcttc 

LB128 R hrdBc.o.-trunc, HindIII ggccgcaagcttttaatccagatagtcacgcagcacttg 

LBx2.1F F vnz_07310 (N-terminus or Full length); GTG to ATG ggtcgac TCTAGA gatg ACGACCCGGCGCACC 

LBx2.2F F vnz_07310 N-terminus ggtcgac TCTAGA gatg AAGCTGGAGCAGATCTGCGTC 

LBx2.1R R vnz_07310 C-terminus ggtcgac GGTACC cg GACGCAGATCTGCTCCAGCTT 

LBx2.2R R vnz_07310 C-terminus or Full length ggtcgac GGTACC cg CGCTCC CCCGGTGTGCACCTGGAA 

LBx4.1F F S. venezuelae clpX BTH ggtcgac TCTAGA g GTG GCACGCATCGGTGATGG 

LBx4.1R R S. venezuelae clpX BTH ggtcgac GGTACC cg CGCCGACTTCTCGTGCCTG 

LBx5.1F F S. venezuelae mqnC BTH ggtcgac TCTAGA g GTGACCGAGAAGGCCGAACTC 

LBx5.1R R S. venezuelae mqnC BTH ggtcgac GGTACC cg GTTCGCGTCGAGGAGCTTCAG 

pSS-F F pSS170 and pIJ10257 MCS test primer gccagtggtatttatgtcaacaccgc 

pSS-R R pSS170 MCS test primer cagctccatcagcaaaaggggat 

pIJ-R R pIJ10257 MCS test primer ccaacgtcatctcgttctccgctc 

pCRISP-t F pCRISPomyces-2 HRT XbaI test primer AGGCTAGTCCGTTATCAACTTGAAA 

pCRISP-t R pCRISPomyces-2 HRT XbaI test primer TCGCCACCTCTGACTTGAGCGTCGA 

BAC2HF F Bacterial 2 Hybrid vector MCS test tgttgtgtggaattgtgagcgga 

HNA185 R ReDirect aac(3)IV confirmation gagctgcacatgaacccatt 

HNA397 F ReDirect wblE confirmation gcccaaagtcctttcactcg 

HNA398 R ReDirect wblE confirmation Ggcactgctccatgacgg 
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Table A.2. Commercially synthesised gene fragments. 

Fragment Features Source Sequence 

C9S partial wblE (snt), C9S  IDT® gBlockTM 

CAGCCATGGACTGGCGTCACAACGCGGTTTCGCGTGAGGAAGACCCCGAGCTGTTCTTCCCCATCGGCAAC

ACCGGTCCTGCGCTGCTGCAGATCGAGGAAGCCAAGGCCGTCTGTCGCCGCTGCCCCGTCATGGAGCAGTG

CCTGCAGTGGGCGCTCGAGTCCGGCCAGGACTCCGGCGTCTGGGGTGGCCTCAGCGAGGACGAGCGCCGCG

CGATGAAGCGCCGCGCCGCTCGCAACCGGGCGCGTAACGCCAGCGCCTGAaagcttgataaacttatc 

C37S 
partial wblE (snt), C37S 

codon change 
IDT® gBlockTM 

CAGCCATGGACTGGCGTCACAACGCGGTTTGTCGTGAGGAAGACCCCGAGCTGTTCTTCCCCATCGGCAAC

ACCGGTCCTGCGCTGCTGCAGATCGAGGAAGCCAAGGCCGTCTCGCGCCGCTGCCCCGTCATGGAGCAGTG

CCTGCAGTGGGCGCTCGAGTCCGGCCAGGACTCCGGCGTCTGGGGTGGCCTCAGCGAGGACGAGCGCCGCG

CGATGAAGCGCCGCGCCGCTCGCAACCGGGCGCGTAACGCCAGCGCCTGAaagcttgataaacttatc 

C40S 
partial wblE (snt), C40S 

codon change 
IDT® gBlockTM 

CAGCCATGGACTGGCGTCACAACGCGGTTTGTCGTGAGGAAGACCCCGAGCTGTTCTTCCCCATCGGCAAC

ACCGGTCCTGCGCTGCTGCAGATCGAGGAAGCCAAGGCCGTCTGTCGCCGCTCCCCCGTCATGGAGCAGTG

CCTGCAGTGGGCGCTCGAGTCCGGCCAGGACTCCGGCGTCTGGGGTGGCCTCAGCGAGGACGAGCGCCGCG

CGATGAAGCGCCGCGCCGCTCGCAACCGGGCGCGTAACGCCAGCGCCTGAaagcttgataaacttatc 

C46S 
partial wblE (snt), C46S 

codon change 
IDT® gBlockTM 

CAGCCATGGACTGGCGTCACAACGCGGTTTGTCGTGAGGAAGACCCCGAGCTGTTCTTCCCCATCGGCAAC

ACCGGTCCTGCGCTGCTGCAGATCGAGGAAGCCAAGGCCGTCTGTCGCCGCTGCCCCGTCATGGAGCAGTC

CCTGCAGTGGGCGCTCGAGTCCGGCCAGGACTCCGGCGTCTGGGGTGGCCTCAGCGAGGACGAGCGCCGCG

CGATGAAGCGCCGCGCCGCTCGCAACCGGGCGCGTAACGCCAGCGCCTGAaagcttgataaacttatc 

D13A 
partial wblE (snt), D13A 

codon change 
Genewiz 

CAGCCATGGACTGGCGTCACAACGCGGTTTGTCGTGAGGAAGCGCCCGAGCTGTTCTTCCCCATCGGCAAC

ACCGGTCCTGCGCTGCTGCAGATCGAGGAAGCCAAGGCCGTCTGTCGCCGCTGCCCCGTCATGGAGCAGTG

CCTGCAGTGGGCGCTCGAGTCCGGCCAGGACTCCGGCGTCTGGGGTGGCCTCAGCGAGGACGAGCGCCGCG

CGATGAAGCGCCGCGCCGCTCGCAACCGGGCGCGTAACGCCAGCGCCTGAaagcttgataaacttatc 

CFLAG 

3xFLAG-tag sequence, 

codon-optimised for 

Streptomyces 

IDT® MegamerTM 
CAACCGGGCGCGTAACGCCAGCGCCGACTACAAGGACCACGACGGCGACTACAAGGACCACGACATCGACT

ACAAGGACGATGACGACAAGTGAaagcttgataaacttatcatccccttttgctgatggagctgcaca 
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Table A.3. Plasmid backbones and derivatives generated in this thesis. The first two rows of this table show how this table is laid out. 

Plasmid Backbone Genotype and Features Sources 

   Derivative(s)     

pSS170  pMS82 derivative, oriT, ΦBT1 attB-int, HygR Dr S. Schlimpert, John Innes Centre, 

Norwich, UK 

    pSS24255WT wblEp, native wblE cds. This work 

    pSS24255SNT wblEp, wblE with Cas9-silencing PAM mutation (snt),  This work 

    pSS24255CFSNT wblEp, wblE (SNT), C-terminal 3xFLAG-tag This work 

    pSSVP5240 S. ven wblEp and S. coelicolor wblE cds This work 

    pSS24255C9SSNT wblEp and wblE (SNT) C9S mutant cds This work 

    pSS24255C37SSNT wblEp and wblE (SNT) C37S mutant cds This work 

    pSS24255C40SSNT wblEp and wblE (SNT) C40S mutant cds This work 

    pSS24255C46SSNT wblEp and wblE (SNT) C46S mutant cds This work 

pIJ10257 pMS82 derivative, oriT, ΦBT1 attB-int, ermEp*, HygR Hong et al., 2005 

    pIJ24255WT Native wblE cds This work 

    pIJ24255SNT Native wblE cds with Cas9-silencing PAM mutation (snt) This work 

pCRISPomyces-2 oriT, rep-pSG5(ts), colE1, S. py cas9, sgRNA-tracrRNA cassette,  AprR Cobb et al., 2015 

    pCa24255KO sgRNA targeting vnz_24260, wblE (vnz_24255) KO HRT This work 

    pCa24255C40S sgRNA targeting vnz_24260, wblE (vnz_24255) C40S HRT This work 

    pCa24255NF sgRNA targeting vnz_24260, wblE (vnz_24255) 3xNFLAG This work 

    pCa24260KO sgRNA targeting vnz_24260, vnz_24260 KO HRT leaving 8 codons. This work 

    pCi24255KO sgRNA targeting wblE, wblE KO HRT  This work 

pET28a(+) KanR, N-terminal 6xHis-tag Dubendorff & Studier, 1991 

    pET28a-NWblE Codon optimised (NdeI-HindIII) Genscript®  

pET29b(+) KanR, C-terminal 6xHis-tag Dubendorff & Studier, 1991 

    pET29b-CWblE Codon optimised wblE with C-terminal 6xHis-tag (NdeI-XhoI) This work 

pUZ8002  RK2 derivative with a mutation in oriT, KanR  Keiser et al., 2000 

    - - - 

pKT25 KanR, ori-p15A, 3’ MCS in cyaAT25, T17p Karimova et al., 1998 & 2000 

    pKT25-wblE Codon optimised wblE cds (XbaI-KpnI) This work 

    pKT25-hrdB Codon optimised hrdB4.2 cds (XbaI-KpnI) This work 
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    pKT25-clpX Native S.ven clpX cds (XbaI-KpnI) This work 

    pKT25-mqnC Native S.ven mqnC cds (XbaI-KpnI) This work 

    pKT25-mtrA Codon optimised S.ven mtrA cds (XbaI-KpnI) Dr. Neil Holmes, John Innes Centre, UK 

    pKT25-scy Native S.ven scy cds (XbaI-KpnI) Dr. Neil Holmes, John Innes Centre, UK 

    pKT25-zip Codon optimised GCN4 bZip (positive control) EuromedexTM 

pKNT25 KanR, p15A ori, 5’ MCS in cyaAT25, T17p (Karimova et al., 1998 & 2000) 

    pKNT25-wblE Codon optimised wblE cds (XbaI-KpnI) This work 

    pKNT25-hrdB Codon optimised hrdB4.2 cds (XbaI-KpnI) This work 

    pKNT25-clpX Native S.ven clpX cds (XbaI-KpnI) This work 

    pKNT25-mqnC Native S.ven mqnC cds (XbaI-KpnI) This work 

    pKNT25-mtrA Codon optimised S.ven mtrA cds (XbaI-KpnI) Dr. Neil Holmes, John Innes Centre, UK 

    pKNT25-scy Native S.ven scy cds (XbaI-KpnI) Dr. Neil Holmes, John Innes Centre, UK 

pUT18 AmpR, oriC, 5’ MCS in cyaAT18, T17p (Karimova et al., 1998 & 2000) 

    pUT18-wblE Codon optimised wblE cds (XbaI-KpnI) This work 

    pUT18-hrdB Codon optimised hrdB4.2 cds (XbaI-KpnI) This work 

    pUT18-07310N Native S.ven vnz_07310 N-terminus cds (XbaI-KpnI) This work 

    pUT18-07310C Native S.ven vnz_07310 C-terminus cds (XbaI-KpnI) This work 

    pUT18-scy Native S.ven scy cds (XbaI-KpnI) Dr. Neil Holmes, John Innes Centre, UK 

pUT18c AmpR, oriC, 3’ MCS in cyaAT18, T17p (Karimova et al., 1998 & 2000) 

    pUT18c-wblE Codon optimised wblE cds (XbaI-KpnI) This work 

    pUT18c-hrdB Codon optimised hrdB4.2 cds (XbaI-KpnI) This work 

    pUT18c-mqnC Native S.ven mqnC cds (XbaI-KpnI) This work 

    pUT18c-07310N Native S.ven vnz_07310 N-terminus (aa 1-254) cds (XbaI-KpnI) This work 

    pUT18c-07310C Native S.ven vnz_07310 C-terminus (aa 247-448) cds (XbaI-KpnI) This work 

    pUT18c-scy Native S.ven scy cds (XbaI-KpnI) Dr. Neil Holmes, John Innes Centre, UK 

    pUT18c-zip Codon optimised GCN4 bZip (positive control) EuromedexTM 
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Table A.4. (a) Oligonucleotides used for wblE promoter SPR with the ssDNA ReDCaT-linker 

region in lower case 

Oligo. Sequence (5’-3’) Probe (/16) 

wblEpFor_1  

wblEpRev_1  

TAGGTGGACGACGAGGAGCGGGCGACCGGCCCGGCGCCCT  

AGGGCGCCGGGCCGGTCGCCCGCTCCTCGTCGTCCACCTAcctaccctacgtcctcctgc 
wblEp-f1 

wblEpFor_2  

wblEpRev_2  

GTGAGTGGAAGGGCCCAAAGTCCTTTCACTCGAACGTTTA 

TAAACGTTCGAGTGAAAGGACTTTGGGCCCTTCCACTCACcctaccctacgtcctcctgc 
wblEp-f2 

wblEpFor_3  

wblEpRev_3  

TCACTCGAACGTTTAGGCGCGCATCCACCCCTTAGAAGTA 

TACTTCTAAGGGGTGGATGCGCGCCTAAACGTTCGAGTGAcctaccctacgtcctcctgc 
wblEp-f3 

wblEpFor_4  

wblEpRev_4  

CACCCCTTAGAAGTACGGCTGTGACCTAGCCGACACCGAG 

CTCGGTGTCGGCTAGGTCACAGCCGTACTTCTAAGGGGTGcctaccctacgtcctcctgc 
wblEp-f4 

wblEpFor_5  

wblEpRev_5  

CTAGCCGACACCGAGGAATCAAAAAAAACTTTCCGGAAGG 

CCTTCCGGAAAGTTTTTTTTGATTCCTCGGTGTCGGCTAGcctaccctacgtcctcctgc 
wblEp-f5 

wblEpFor_6  

wblEpRev_6  

AAACTTTCCGGAAGGGGTTGTATCCGTTGCTGGGGTTTGG 

CCAAACCCCAGCAACGGATACAACCCCTTCCGGAAAGTTTcctaccctacgtcctcctgc 
wblEp-f6 

wblEpFor_7  

wblEpRev_7  

GTTGCTGGGGTTTGGGAGTCTCTTCTTGGCGATCGGGACG 

CGTCCCGATCGCCAAGAAGAGACTCCCAAACCCCAGCAACcctaccctacgtcctcctgc 
wblEp-f7 

wblEpFor_8  

wblEpRev_8  

TTGGCGATCGGGACGGCCCGCAACACCGGCCTCCACTGAG 

CTCAGTGGAGGCCGGTGTTGCGGGCCGTCCCGATCGCCAAcctaccctacgtcctcctgc 
wblEp-f8 

wblEpFor_9  

wblEpRev_9  

CCGGCCTCCACTGAGAGCCAGAACCCCTCCTCAGTCTTAG 

CTAAGACTGAGGAGGGGTTCTGGCTCTCAGTGGAGGCCGGcctaccctacgtcctcctgc 
wblEp-f9 

wblEpFor_10  

wblEpRev_10  

CCTCCTCAGTCTTAGGACCACACCAGTTGATCTGGCAGTC 

GACTGCCAGATCAACTGGTGTGGTCCTAAGACTGAGGAGGcctaccctacgtcctcctgc 
wblEp-f10 

wblEpFor_11  

wblEpRev_11  

GTTGATCTGGCAGTCGGCCCTTCCCTTGCGGGGGGATTCG 

CGAATCCCCCCGCAAGGGAAGGGCCGACTGCCAGATCAACcctaccctacgtcctcctgc 
wblEp-f11 

wblEpFor_12  

wblEpRev_12  

TTGCGGGGGGATTCGTGAAAGCGTTCACATTCACAAGCAA 

TTGCTTGTGAATGTGAACGCTTTCACGAATCCCCCCGCAAcctaccctacgtcctcctgc 
wblEp-f12 

wblEpFor_13  

wblEpRev_13  

CACATTCACAAGCAACCAGCTTGTAACACCCTAGAGAGGT 

ACCTCTCTAGGGTGTTACAAGCTGGTTGCTTGTGAATGTGcctaccctacgtcctcctgc 
wblEp-f13 

wblEpFor_14  

wblEpRev_14  

ACACCCTAGAGAGGTAGCAGCCATGGACTGGCGTCACAAC 

GTTGTGACGCCAGTCCATGGCTGCTACCTCTCTAGGGTGTcctaccctacgtcctcctgc 
wblEp-f14 

wblEpFor_15  

wblEpRev_15  

GACTGGCGTCACAACGCCGTTTGTCGTGAGGAAGACCCCG 

CGGGGTCTTCCTCACGACAAACGGCGTTGTGACGCCAGTCcctaccctacgtcctcctgc 
wblEp-f15 

wblEpFor_16  

wblEpRev_16  

GTGAGGAAGACCCCGAGCTGTTCTT 

AAGAACAGCTCGGGGTCTTCCTCACcctaccctacgtcctcctgc 
wblEp-f16 

 

 

(b) Oligonucleotides used for dnaA promoter SPR and ssDNA ReDCaT-linker region in lower 

case. 

Oligo. Sequence Probe (/27) 

dnaApFor_1  

dnaApRev_1  

TAGGTGGACGACGAGGAGCGGGCGACCGGCCCGGCGCCCT  

AGGGCGCCGGGCCGGTCGCCCGCTCCTCGTCGTCCACCTAcctaccctacgtcctcctgc 
dnaAp-f1 

dnaApFor_2  

dnaApRev_2  

CCGGCCCGGCGCCCTCGGCGTACCGCGGTTGCGAAGTCCT 

AGGACTTCGCAACCGCGGTACGCCGAGGGCGCCGGGCCGGcctaccctacgtcctcctgc 
dnaAp-f2 

dnaApFor_3  

dnaApRev_3  

CGGTTGCGAAGTCCTCGCGCCGCCTCAGCCGATTGTCGGT 

ACCGACAATCGGCTGAGGCGGCGCGAGGACTTCGCAACCGcctaccctacgtcctcctgc 
dnaAp-f3 

dnaApFor_4  

dnaApRev_4  

CAGCCGATTGTCGGTAGGCAGCACGTCATGACCCGTTTAG 

CTAAACGGGTCATGACGTGCTGCCTACCGACAATCGGCTGcctaccctacgtcctcctgc 
dnaAp-f4 

dnaApFor_5  

dnaApRev_5  

TCATGACCCGTTTAGCGGATCAGGCGGACAGCTCAGAGCG 

CGCTCTGAGCTGTCCGCCTGATCCGCTAAACGGGTCATGAcctaccctacgtcctcctgc 
dnaAp-f5 

dnaApFor_6  

dnaApRev_6  

GGACAGCTCAGAGCGACCCTTGGAACGACGGTTCGCAAGG 

CCTTGCGAACCGTCGTTCCAAGGGTCGCTCTGAGCTGTCCcctaccctacgtcctcctgc 
dnaAp-f6 

dnaApFor_7  

dnaApRev_7  

CGACGGTTCGCAAGGATGGCTCGGCCGGCACGCGTACGCA 

TGCGTACGCGTGCCGGCCGAGCCATCCTTGCGAACCGTCGcctaccctacgtcctcctgc 
dnaAp-f7 

dnaApFor_8  

dnaApRev_8  

CGGCACGCGTACGCATCCGCAGGCGGAAGCCGTGGGTCTT 

AAGACCCACGGCTTCCGCCTGCGGATGCGTACGCGTGCCGcctaccctacgtcctcctgc 
dnaAp-f8 

dnaApFor_9  GAAGCCGTGGGTCTTGGCGCGACGACGGTTGTTCGGCTGG dnaAp-f9 
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dnaApRev_9  CCAGCCGAACAACCGTCGTCGCGCCAAGACCCACGGCTTCcctaccctacgtcctcctgc 

dnaApFor_10  

dnaApRev_10  

CGGTTGTTCGGCTGGAAGGTGCGCTTGCTCACTCGGGGGC 

GCCCCCGAGTGAGCAAGCGCACCTTCCAGCCGAACAACCGcctaccctacgtcctcctgc 
dnaAp-f10 

dnaApFor_11  

dnaApRev_11  

TGCTCACTCGGGGGCTCCAGAAATGATTCGTAGATGGCGG 

CCGCCATCTACGAATCATTTCTGGAGCCCCCGAGTGAGCAcctaccctacgtcctcctgc 
dnaAp-f11 

dnaApFor_12  

dnaApRev_12  

ATTCGTAGATGGCGGGACATCGCCTGGCTGTCACCGTGCG 

CGCACGGTGACAGCCAGGCGATGTCCCGCCATCTACGAATcctaccctacgtcctcctgc 
dnaAp-f12 

dnaApFor_13  

dnaApRev_13 

GGCTGTCACCGTGCGCCCACGAGTAGCTCGCAATACGCCC 

GGGCGTATTGCGAGCTACTCGTGGGCGCACGGTGACAGCCcctaccctacgtcctcctgc 
dnaAp-f13 

dnaApFor_14  

dnaApRev_14  

GCTCGCAATACGCCCGAGTGCACCGCTTCACGATCACTGA 

TCAGTGATCGTGAAGCGGTGCACTCGGGCGTATTGCGAGCcctaccctacgtcctcctgc 
dnaAp-f14 

dnaApFor_15  

dnaApRev_15  

CTTCACGATCACTGACCGTGATCTTTGCCCATCGGAGGCA 

TGCCTCCGATGGGCAAAGATCACGGTCAGTGATCGTGAAGcctaccctacgtcctcctgc 
dnaAp-f15 

dnaApFor_16  

dnaApRev_16  

TGCCCATCGGAGGCAGGCGGCAGCAGCCATCGACAACTCG 

CGAGTTGTCGATGGCTGCTGCCGCCTGCCTCCGATGGGCAcctaccctacgtcctcctgc 
dnaAp-f16 

dnaApFor_17  

dnaApRev_17  

GCCATCGACAACTCGACCTGGTTACGGTACGCGCGGCTAC 

GTAGCCGCGCGTACCGTAACCAGGTCGAGTTGTCGATGGCcctaccctacgtcctcctgc 
dnaAp-f17 

dnaApFor_18  

dnaApRev_18  

GGTACGCGCGGCTACGCCATCCGGTCAAACCGACCTGTCG 

CGACAGGTCGGTTTGACCGGATGGCGTAGCCGCGCGTACCcctaccctacgtcctcctgc 
dnaAp-f18 

dnaApFor_19  

dnaApRev_19  

CAAACCGACCTGTCGCCACCCCCCATTGTGCACAGGCTGT 

ACAGCCTGTGCACAATGGGGGGTGGCGACAGGTCGGTTTGcctaccctacgtcctcctgc 
dnaAp-f19 

dnaApFor_20  

dnaApRev_20  

TTGTGCACAGGCTGTGGACAACAACTTGAACCACGTCATC 

GATGACGTGGTTCAAGTTGTTGTCCACAGCCTGTGCACAAcctaccctacgtcctcctgc 
dnaAp-f20 

dnaApFor_21  

dnaApRev_21  

TTGAACCACGTCATCCGGCGCGACTACCGTGGATGGACTC 

GAGTCCATCCACGGTAGTCGCGCCGGATGACGTGGTTCAAcctaccctacgtcctcctgc 
dnaAp-f21 

dnaApFor_22  

dnaApRev_22  

ACCGTGGATGGACTCCACAATCTTTTCCGTTCTGTCCTTA 

TAAGGACAGAACGGAAAAGATTGTGGAGTCCATCCACGGTcctaccctacgtcctcctgc 
dnaAp-f22 

dnaApFor_23  

dnaApRev_23  

TCCGTTCTGTCCTTACCTGTCCTCACGGGTTCTGTCCTCA 

TGAGGACAGAACCCGTGAGGACAGGTAAGGACAGAACGGAcctaccctacgtcctcctgc 
dnaAp-f23 

dnaApFor_24  

dnaApRev_24  

CGGGTTCTGTCCTCACGGACATCGACCCACCGTCCCCGAG 

CTCGGGGACGGTGGGTCGATGTCCGTGAGGACAGAACCCGcctaccctacgtcctcctgc 
dnaAp-f24 

dnaApFor_25 

dnaApRev_25  

CCCACCGTCCCCGAGAACCACACCATCAGGGGACCTGCGA 

TCGCAGGTCCCCTGATGGTGTGGTTCTCGGGGACGGTGGGcctaccctacgtcctcctgc 
dnaAp-f25 

dnaApFor_26  

dnaApRev_26  

TCAGGGGACCTGCGAGAAAGCGTGCCCTGTGGCTGACGTT 

AACGTCAGCCACAGGGCACGCTTTCTCGCAGGTCCCCTGAcctaccctacgtcctcctgc 
dnaAp-f26 

dnaApFor_27  

dnaApRev_27 

CCTGTGGCTGACGTTCCTGCTGATCTTGCCGCAG 

CTGCGGCAAGATCAGCAGGAACGTCAGCCACAGGcctaccctacgtcctcctgc 
dnaAp-f27 
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Table A.5. Bacterial species and strains, and derivatives generated in this thesis. 

Bacterial strain Genotype and Features Source / Reference  

    Derivative strain   

S. venezuelae NRRL B-65442 Wild-type strain Gomez-Escribano et al., 2021 

    24255WT NRRL B-65442 :: ΦBT1 attB pSS24255WT, HygR This work 

    24255SNT NRRL B-65442 :: ΦBT1 attB pSS24255SNT, HygR  

    O24255WT NRRL B-65442 :: ΦBT1 attB pIJ24255WT, HygR  

    O24255SNT NRRL B-65442 :: ΦBT1 attB pIJ24255SNT, HygR  

    24255CF NRRL B-65442 :: ΦBT1 attB pSS24255CFSNT, 3xFLAG-tag (CT), HygR  

    VP5240 NRRL B-65442 ::  ΦBT1 attB pSSvp5240, HygR  

    Δ24255SNT     NRRL B-65442 ΔwblE :: ΦBT1 attB pSS24255SNT, HygR  

    ΔO24255SNT     NRRL B-65442 ΔwblE :: ΦBT1 attB pIJ24255SNT, HygR  

    Δ24255CF     NRRL B-65442 ΔwblE :: ΦBT1 attB pSS24255CFSNT, HygR  

    Δ24255D13A     NRRL B-65442 ΔwblE :: ΦBT1 attB pSS24255D13ASNT, HygR  

    ΔVP5240     NRRL B-65442 ΔwblE :: ΦBT1 attB pSSvp5240, HygR  

E. coli NEB5α F-, fhuA2Δ(argF-lacZ)U169 phoA glnV44 Φ80Δ(lacZ)M15 gyrA96 

recA1 relA1 endA1 thi-1 hsdR17  

New England Biolabs® 

    All BAC2H vectors 

    pCi derivative vectors 

  

E. coli Top10 
F-, mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1 

araD139 Δ(ara leu) 7697 galU galK rpsL (StrR) endA1 nupG 

Laboratory stock 

    pET28a vectors 

    pCa derivative Vectors 
 

 

E. coli ET12567  dam- dcm- hsdS-, CapR MacNeil et al., 1992; Keiser et al., 2000 

    -pCa24255KO Carrying pCa24255KO plasmid This work 

    -pCa24260KO Carrying pCa24260KO plasmid “             ”  

    -pCi24255KO Carrying pCi24255KO plasmid “             ” 

    -pIJ24255WT Carrying pIJ24255 - native wblE cds “             ” 

    -pIJ24255SNT Carrying pIJ24255 - wblE (snt) cds “             ” 

    -pSS24255WT Carrying pSS24255 - native wblE cds “             ”  
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    -pSS24255SNT Carrying pSS24255 - wblE (snt) cds “             ” 

    -pSS24255C9S Carrying pSS24255C9S - wblE (snt) C9S cds “             ” 

    -pSS24255C37S Carrying pSS24255C9S - wblE (snt) C37S cds “             ” 

    -pSS24255C40S Carrying pSS24255C9S - wblE (snt) C40S cds “             ” 

    -pSS24255C46S Carrying pSS24255C9S - wblE (snt) C46S cds “             ” 

    -pSS24255D13A Carrying pSS24255D13A - wblE (snt) D13A cds “             ” 

    -pSSVP5240 Carrying pSSVP5240 – wblEp (S.ven) / wblE cds (S.coe) (N6R; N82Q) “             ” 

E. coli BL21 λDE3 
F-, fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS λ DE3 = λ sBamHIo 

∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5 

New England Biolabs® 

    BL21-pET28a-NWblE codon optimised wblE-6xHis(NT), cleavable  This work 

    BL21-pET29b-CWblE codon optimised wblE-6xHis(CT) “             ” 

E. coli BTH101 F-, cya-99, araD139, galE15, galK16, rpsL1 (StrR), hsdR2, mcrA1, 

mcrB1 

EuromedexTM,  

Karimova et al., 1998; 2000; 2005 

    BTH1(-) pKT25- & pUT18c- This work 

    BTH2(+) pKT25-zip & pUT18c-zip “             ”  

    BTHF1 pUT18-wblE & pKT25- “             ” 

    BTHF2 pUT18c-wblE & pKT25- “             ” 

    BTHF3 pKNT25-wblE & pUT18- “             ” 

    BTHF4 pKT25-wblE & pUT18- “             ” 

    BTHF9 pUT18-hrdB & pKT25- “             ” 

    BTHF10 pUT18c-hrdB & pKT25- “             ” 

    BTHF11 pKNT25-hrdB & pUT18- “             ” 

    BTHF12 pKT25-hrdB & pUT18- “             ” 

    BTHLB1 pUT18-wblE & pKNT25-wblE “             ” 

    BTHLB2 pUT18-wblE & pKT25-wblE “             ” 

    BTHLB3 pUT18-wblE & pKNT25-hrdB “             ” 

    BTHLB4 pUT18-wblE & pKT25-hrdB “             ” 

    BTHLB7 pUT18c-wblE & pKNT25-wblE “             ” 

    BTHLB8 pUT18c-wblE & pKT25-wblE “             ” 

    BTHLB9 pUT18c-wblE & pKNT25-hrdB “             ” 

    BTHLB10 pUT18c-wblE & pKT25-hrdB “             ” 
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    BTHLB15 pKNT25-wblE & pUT18-hrdB “             ” 

    BTHLB16 pKNT25-wblE & pUT18c-hrdB “             ” 

    BTHLB21 pKT25-wblE & pUT18-hrdB “             ” 

    BTHLB22 pKT25-wblE & pUT18c-hrdB “             ” 

    BTHA1F pKT25-mtrA & pUT18- “             ” 

    BTHA2F pKNT25-mtrA & pUT18- “             ” 

    BTHA3F pUT18-mtrA & pKT25- “             ” 

    BTHA4F pUT18c-mtrA & pKT25- “             ” 

    BTHA1 pKNT25-mtrA & pUT18-wblE “             ” 

    BTHA2 pKNT25-mtrA & pUT18c-wblE “             ” 

    BTHA3 pKT25-mtrA & pUT18-wblE “             ” 

    BTHA4 pKT25-mtrA & pUT18c-wblE “             ” 

    BTHC1F pKT25-mqnC & pUT18- “             ” 

    BTHC2F pKNT25-mqnC & pUT18- “             ” 

    BTHC4F pUT18c-mqnC & pKT25- “             ” 

    BTHC1 pKNT25-mqnC & pUT18-wblE “             ” 

    BTHC2 pKNT25-mqnC & pUT18c-wblE “             ” 

    BTHC3 pKT25-mqnC & pUT18-wblE “             ” 

    BTHC4 pKT25-mqnC & pUT18c-wblE “             ” 

    BTHC7 pUT18c-mqnC & pKNT25-wblE “             ” 

    BTHC8 pUT18c-mqnC & pKT25-wblE “             ” 

    BTHX1F pKT25-clpX & pUT18- “             ” 

    BTHX2F pKNT25-clpX & pUT18- “             ” 

    BTHX3F pUT18-clpX & pKT25- “             ” 

    BTHX4F pUT18c-clpX & pKT25- “             ” 

    BTHX1 pKNT25-clpX & pUT18-wblE “             ” 

    BTHX2 pKNT25-clpX & pUT18c-wblE “             ” 

    BTHX3 pKT25-clpX & pUT18-wblE “             ” 

    BTHX4 pKT25-clpX & pUT18c-wblE “             ” 

    BTHHN5 pUT18-07310N & pKNT25-wblE “             ” 

    BTHHN6 pUT18-07310N & pKT25-wblE “             ” 
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    BTHHN7 pUT18c-07310N & pKNT25-wblE “             ” 

    BTHHN8 pUT18c-07310N & pKT25-wblE “             ” 

    BTHHC5 pUT18-07310C & pKNT25-wblE “             ” 

    BTHHC6 pUT18-07310C & pKT25-wblE “             ” 

    BTHHC7 pUT18c-07310C & pKNT25-wblE “             ” 

    BTHHC8 pUT18c-07310C & pKT25-wblE “             ” 

    BTHS1+ pKT25-scy & pUT18-scy “             ” 

    BTHS2+ pKT25-scy & pUT18c-scy “             ” 

    BTHS1 pKNT25-scy & pUT18-wblE “             ” 

    BTHS2 pKNT25-scy & pUT18c-wblE “             ” 

    BTHS3 pKT25-scy & pUT18-wblE “             ” 

    BTHS4 pKT25-scy & pUT18c-wblE “             ” 

    BTHS5 pUT18-scy & pKNT25-wblE “             ” 

    BTHS6 pUT18-scy & pKT25-wblE “             ” 

    BTHS7 pUT18c-scy & pKNT25-wblE “             ” 

    BTHS8 pUT18c-scy & pKT25-wblE “             ” 
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Figure A.1 The wblE transcript expression profile in wild-type S. venezuelae (black), plotted 

against wblE expression profiles in the ΔbldM, ΔwhiA, ΔwhiD, ΔwhiG, ΔwhiH, ΔwhiI S. venezuelae 

developmental mutants (all grey). The expression profiles for the ΔbldN (lilac) and ΔwhiB (blue) 

mutants described in Chapter 5.6 are highlighted. Log2 transcript abundances were normalized to 

the median of the data. Endpoint measurements are labelled with the associated mutant. 

Figure A.2. WebFlaGs analysis for the wblE (whiB1) genetic neighbourhood in Streptomyces, Mycobacterium, 

Corynebacterium, and Bifidobacterium spp. The  Streptomyces gene arrangement over 30 species is shown, 

and a comparison of the top 10 hits is shown below in the table, with homologous or functionally related proteins 

conserved across genera highlighted in the same colour. Details for WebFlaGs query submission and BLASTp 

parameters can be found in Chapter 2.32.3. 



222. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3. Schematics for the PCR amplification and Gibson assembly of homologous repair templates. 

Arrows represent primers with forward primers in red and reverse primers in black.  Diagonal extensions 

represent complementary overhangs; the longer, external (dashed) lines represent regions with 

complementarity to the XbaI-cut pCRISPomyces-2 backbone. Double line breaks in pCa24255KO and 

pCi24255KO schematics represent the boundaries of the ΔwblE sequence, specified by LB016-LB017 and 

shown in more detail beneath KO HRT constructs. Single line breaks represent single nucleotide changes and 

are labelled SNT (Cas9-silencing) and C9S (Cysteine mutation) with respect to their mutations. Red crosses 

within genes represent the active PAM-site, targeted by the sgRNAs (chapter 4). 


