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ABSTRACT: 

 

The genus Streptomyces harbors a wealth of untapped pharmaceutical 

potential within uncharacterized biosynthetic clusters whose transcription may be 

silent or their product undetected.  Regulation of these clusters is, in part, managed 

by global transcription factors, nucleoid-associated proteins, and pathway-specific 

regulatory proteins.  Consequently, a complicated interplay of regulatory elements 

governs secondary metabolite production and a lack of understanding of this has 

undermined efforts to screen for novel drug candidates.  In an effort to better 

understand this regulation, we have focussed on one highly expressed NAP, and one 

silent and cryptic biosynthetic cluster. In parallel, we have leveraged our existing 

knowledge to improve our screening of Streptomyces for novel bioactive compounds. 

Here, we investigate the nucleoid-associated protein Streptomyces integration 

host factor (sIHF), which non-specifically binds DNA and impacts development and 

antibiotic production.  Through targeted mutations, we probe the interfaces of sIHF 

thought responsible for its interactions with DNA and assess the relevance of these 

interfaces to in vivo activity.  Further, we examine the transcriptionally silent 

SCO6429-SCO6438 biosynthetic cluster and attempt to activate transcription from 

its promoter by manipulating its potential regulatory proteins.  Binding sites for the 

putative global regulator cAMP-receptor protein (Crp) in close proximity to this 

cluster and a potential pathway specific regulator are examined.  Finally, we 

overexpress Crp in a library of Streptomyces and assay for novel bioactivity against 

known clinical pathogens. 

Collectively, this work establishes a foundation for further exploring the 

regulatory networks within Streptomyces and how they may be influenced to 

discover novel pharmaceuticals. 
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1 INTRODUCTION: 

 

1.1 Streptomyces as a bacterium of unique development and historic antimicrobial 

importance 

Streptomyces is a genus of ubiquitous Gram-positive bacteria that inhabit soil and 

marine environments and are renowned for their production of secondary metabolites 

(Barka et al., 2016).  These bacteria belong to the order Actinomycetales, which includes 

Mycobacterium, Corynebacteria, and Propionibacteria: all species of significant inquiry 

for their role in pathogenesis (Beylot et al., 2014; Rahman et al., 2014; Sangal & 

Hoskisson, 2016). 

The lifecycle of Streptomyces is remarkably similar to that of fungi.  Streptomyces 

spores germinate in nutrient rich conditions and develop as branching mycelia through 

hyphal-tip extension and branching (Figure 1).  When the mycelia become sufficiently 

dense and/or nutrients become limited, Streptomyces will raise aerial hyphae and 

sporulate (Mcgregor, 1954). Sporulation yields a dormant cell state covered by an exterior 

amyloid sheath (Williams et al., 1972).  Spores are sheared from the spore chain by 

mechanical wind and water forces, dispersing them to colonize distant locales (Ruddick 

& Williams, 1972).  

Upon initiating aerial development, streptomycetes upregulate the production of 

secondary metabolites (Bibb, 2005). Notably, secondary metabolism is spatially 

segregated from the aerial hyphae, being largely confined to the vegetative cells (Bibb, 

2005).  The secondary metabolites can serve as ion scavengers to maintain homeostasis, 

secondary-messenger/quorum sensing signals, or as potent inhibitors of competing 

organisms (e.g. Hassan et al., 2016; Hendlin et al., 2017).  It is thought that the coupling 

of aerial development with the production of these molecules serves as a bet-hedging 

strategy that allows streptomycetes to confront encroaching organisms while 

simultaneously deploying spores to find a less competitive niche (Chater, 2006; Demain, 

1974). The diversity of compounds produced by Streptomyces was originally recognized 

in the 1940s, and has since been found to include many medically-relevant drugs such as 
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anti-cancer agents, anti-parasitic compounds, and especially antibiotics (Lam, 2006; 

Watve et al., 2001).  Approximately 67% of the antibiotics in clinical use are natural 

products, or derivatives of compounds produced by Streptomyces (Watve et al., 2001).  

Unfortunately, the rate of antibiotic discovery has significantly declined since the 1980s 

and the frequent use of these drugs has led to a growing number of antibiotic resistant 

pathogens (French, 2010; Ventola, 2015).  There is, therefore, an immediate demand for 

novel antibiotics, prompting further investigation of the Streptomyces metabolome.   

 

1.1.1 Model species for study within Streptomyces 

The model species for studying the streptomycetes is Streptomyces coelicolor, 

which develops canonically on solid substrates and produces two characteristic pigments: 

the mycelium-bound red-coloured undecylprodigiosin, and the secreted blue-coloured 

actinorhodin (Hobbs et al., 1990; Wezel et al., 2000).  In liquid media cultures, it grows in 

mycelial clusters and does not sporulate: developmental studies of this organism require 

growth on solid media (Manteca et al., 2008).  S. coelicolor is slow-growing (4-5 days to 

robust colony formation), making genetic manipulation time-intensive. This has prompted 

increased study of the emerging model species Streptomyces venezuelae.  S. venezuelae is 

faster growing, sporulates in liquid media, and produces a brown pigment (melanin) that 

marks the onset of secondary metabolite production (Glazebrook, Doull, Stuttard, & 

Vining, 1990).  These characteristics have made S. venezuelae an ideal candidate for 

evaluating the impact of genetic alterations in Streptomyces.  While most characterized 

genetic elements in Streptomyces have been studied primarily in S. coelicolor; there is 

considerable value in conducting genetic research concurrently in both species. 

S. coelicolor and S. venezuelae, like all streptomycetes, have large, linear genomes 

of ~9 MB (Bentley et al., 2002; Hopwood, 2006). The chromosomes are organized such 

that most conserved genes are found in the middle “core” of the chromosome, while the 

flanking “arms” contain more variation between species (Bentley et al., 2002; Hopwood, 

2006).  The “arms” also tend to harbour most of the biosynthetic clusters that direct 

secondary metabolite production (Bentley et al., 2002; Chen et al., 2002).  Such 
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secondary metabolites are primarily produced from polycistronic operons directing the 

production of a dedicated set of synthesis/tailoring enzymes, secretion channels and/or 

resistance determinants (Bibb, 2005; Lawrence & Roth, 1996).  Additionally, pathway-

specific regulators are often encoded within these clusters and exert specific control over 

cluster activity (Huang et al., 2001).  These regulators may themselves be subject to 

extensive regulation by other elements.  Each Streptomyces species has a unique 

complement of secondary metabolic gene clusters, suggesting that this genus has the 

capacity to produce an enormous and diverse range of bioactive natural products 

(Hopwood, 2006).   

 

1.1.2 Potential of Streptomyces for future bioactive molecule discoveries 

Streptomyces are thought to possess a large, untapped reservoir of bioactive 

compounds, as the quantity of secondary metabolic clusters inferred from genome 

sequencing far exceeds the quantity of secondary metabolites identified (Challis, 2008).  

In the well-studied S. coelicolor alone, there are 22 biosynthetic clusters that are 

transcriptionally silent and whose products are unknown or undetected (“cryptic”) under 

conventional laboratory growth conditions.  Indeed, it has been demonstrated that some 

Streptomyces-synthesized compounds are only produced under particular environmental 

stimuli (Anzai et al., 2009; Holden et al., 1998; Scherlach & Hertweck, 2009).  This 

suggests that efforts to discover new clinically-relevant antibiotics may suffer from a 

culture-medium bias. Typically, high-throughput screening for novel antibiotics is 

achieved by growing a library of microorganisms, especially Streptomyces species, on a 

particular medium and then using solvating chemicals to extract metabolites (Fiedler, 

1993; Miyadoh, 1993).  These extracts are then screened for activity, purified, re-tested 

and identified (Kumar et al., 2014).  It is inferred that the bias imposed by any particular 

growth medium prevents bioactivity screening from accessing a large portion of the 

streptomycete metabolome (Katz et al., 2016; Ramadhar et al., 2013).  As a consequence, 

current efforts to screen microorganisms for antibiotic activity are plagued by a high rate 
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of rediscovery - hits corresponding to compounds that are already known (M. Katz et al., 

2016; Ramadhar et al., 2013).  

Cryptic metabolites may comprise a wealth of novel bioactive compounds, but 

require stimulation by specific environmental conditions (Scherlach & Hertweck, 2009).  

It is critical that we develop a better understanding of the regulatory mechanisms 

governing secondary metabolism in Streptomyces, such that we can activate the cryptic 

metabolic clusters. The complex development cycle of Streptomyces and their multitude 

of secondary metabolic clusters, suggest that these bacteria employ intricate regulatory 

networks to control gene expression.  While some of these elements have been identified 

in other organisms, there are many unknown regulatory networks associated with 

development and metabolism in Streptomyces.   

 

1.2 Transcription regulation in Streptomyces is complex 

In bacteria, sigma factors associate with RNA polymerase (RNAP), and direct 

RNAP to distinct promoter sequences.  The housekeeping sigma factor σ-70 in E. coli 

recognizes a TATAAT sequence (-10 region), and a TCTTGACAT sequence (-35 region) 

positioned ~17 nucleotides upstream (Lisser & Margalit, 1993).  E. coli encodes seven 

sigma factors, while S. coelicolor encodes an astonishing 65 sigma factors (Bentley et al., 

2002; Helmann & Chamberlin, 1988; Mazurakova et al., 2006).   Few Streptomyces 

sigma factors have been studied, and as such, it is prohibitively difficult to determine 

promoter locations based on empirically-derived consensus binding sequences. Instead, 

the regulation of promoter activity is derived from methods to identify transcription start 

sites, transcription factor binding sites, and changes in mRNA transcript abundance under 

particular conditions. 

Global transcription factors control the expression of large numbers of genes in 

bacteria.  In Escherichia coli, over 50% of the genome is influenced by seven regulator 

proteins, Crp, FNR, IHF, Fis, ArcA, NarL, Lrp (Martínez-Antonio & Collado-Vides, 

2003).  Some of these proteins have homologues in the Streptomyces, including the 

cAMP-receptor protein (Crp). Crp binds to its activating cofactor cAMP, increasing its 
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DNA binding affinity for a consensus sequence (a 22-bp sequence in E. coli) upstream of 

a promoter (Liu-Johnson et al., 1986).  Crp interacts with the α-C-terminal domain (CTD) 

of RNA polymerase (RNAP), recruiting it to the promoter and increasing transcriptional 

activity (Niu, et al., 1996).   

In Streptomyces, Crp is a regulator of development that binds sites throughout the 

chromosome and affects the expression of many genes including those directing antibiotic 

production  (Gao et al., 2012).   In many cases this effect is thought to be direct, as 

chromatin immunoprecipitation (ChIP) experiments have revealed Crp to bind regions 

within8 of the 22 silent biosynthetic clusters in S. coelicolor (Gao et al., 2012).  Deletion 

of crp results in delayed growth, hypersporulation, and reduced production of the blue-

pigmented antibiotic actinorhodin and the calcium-dependent antibiotic (CDA) (Gao et 

al., 2012).   

 

1.2.1 Transcriptional control by nucleoid-associated proteins 

Transcription factors can have positive or negative effects on gene expression, and 

while activators are almost always found to bind upstream of promoter regions, repressors 

have more diverse binding sites (Browning & Busby, 2004). Many repressors act by 

binding to the promoter itself, occluding binding by RNAP, while others compete with 

transcriptional activators for binding (Browning & Busby, 2004). Others still act to alter 

the spatial position and torsion of the DNA, and consequently their effect on RNAP is 

indirect (Becker et al., 2007).  Indeed, the physical topology and organization of the DNA 

within the cell has a significant impact on gene expression (Zimmerman & Murphy, 

1996).  Proteins affecting DNA topology in bacteria have been generally termed 

‘nucleoid-associated proteins’ (NAPs) and tend to be abundant within the cell (Wang et 

al., 2012).  Analogous to the histones present in eukaryotes that can shut down gene 

transcription by condensing the DNA, NAPs promote DNA condensation by bending, 

bridging, and/or wrapping DNA (Wang & Maier, 2015; Wang et al., 2012).  Some NAPs 

coordinate chromosome replication and segregation during cell division, while others 
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influence global or local gene expression by inducing a specific state of supercoiling 

(Bernhardt & De Boer, 2005).   

Many transcription factors (TFs) bend DNA in facilitating the recruitment of the 

transcriptional machinery, and in doing so affect the architecture of the chromosome 

(Horikoshi et al., 1992). Similarly, the structural effects of NAPs on DNA are associated 

with changes in transcription (Dillon & Dorman, 2010).  Proteins belonging to these 

groups exhibit a range of DNA binding affinities, consensus sequence recognition motifs, 

and gene expression effects.   Thus, there is significant overlap in the activities of TFs and 

NAPs and a lack of any definitive, distinguishing features.  Understanding the role of 

NAPs in the organization of the Streptomyces chromosome, and in the control of gene 

expression, will ultimately provide novel insights into the regulatory networks 

influencing transcription initiation.  This understanding will allow us to exploit or 

modulate NAP activity, such that we may activate the transcription of lowly expressed 

operons in Streptomyces, including silent secondary metabolic clusters. 

 

1.2.2 Properties of nucleoid-associated proteins  

 

1.2.2.1 Histone-like nucleoid structuring protein  

One of the best-studied NAPs is the histone-like nucleoid structuring protein, or 

H-NS, from E. coli. H-NS frequently binds at multiple sites upstream of promoters, and 

can either bridge duplex DNA strands, and/or oligomerize along the DNA (Esposito et al., 

2002).  This aggregated structure can block RNA polymerase from accessing the 

promoter and introduce superstructure domains into the DNA (Esposito et al., 2002; Liu 

et al., 2010; Oshima et al., 2006).  H-NS preferentially binds A-T rich sequences (Oshima 

et al., 2006).  Horizontally-acquired genes are often enriched for A-T residues, and are 

demonstrably repressed by H-NS activity.  It is theorized that H-NS acts as a repressive 

sentinel to mitigate the effects of acquired genes that may be detrimental to the cell 

(Oshima et al., 2006).  
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While NAPs are integral to the chromosome organization and regulation in all 

bacteria, different species have distinct NAP complements.  Though E. coli uses H-NS as 

a global silencer, the genus Pseudomonas employs the similarly structured MvaT/MvaU, 

and Bacillus uses Rok (Li et al., 2009; Smits & Grossman, 2010).  There is no H-NS 

found in the actinobacteria; however, Mycobacterium possess an H-NS-like protein 

termed Lsr2, which has an orthologue in Streptomyces. Lsr2 does not share any sequence 

homology with H-NS, but it is functionally interchangeable (Gordon et al., 2008).  Lsr2 

acts as a dimer and binds to a nucleation site rich in A-T sequences, where it can then 

oligomerize along the DNA, compacting the chromosome and occluding transcriptional 

start sites (Chen et al., 2008). 

 

1.2.2.2 Integration host factors 

Another known NAP, the integration host factor (IHF) is a NAP originally 

identified in E. coli that binds DNA as a heterodimer, bending the local DNA around it 

(Lin et al., 2012).  Its name is derived from initial observations that it was necessary for 

the integration of phage DNA into the chromosome (Craig & Nash, 1984).  However, 

subsequent investigation revealed that IHF also impacts the expression of many genes 

including ATP-binding cassette (ABC) transporters, and is necessary for CRISPR-

mediated integration of ssDNA to form new protospacer elements (Lin et al., 2012).  It is 

also involved in the organisation of DNA inside the cell as it can form higher order DNA 

structures and influence gene expression, making it a histone-like protein (Lin et al., 

2012).  IHF is found extensively throughout the Enterobacteriaceae and related 

organisms. 

There is no obvious IHF homologue in Streptomyces, although a functional 

homologue of IHF has been identified in Mycobacterium, where it is termed mIHF 

(Pedulla & Hatfull, 1998).  The orthologue of mIHF in Streptomyces is a 14 kDa protein 

that is highly conserved within the genus and is one of the most abundant proteins in the 

cell (Swiercz et al., 2013).  mIHF improves phage integration into the chromosome but 

lacks a specific DNA-recognition site, unlike IHF (Pedulla & Hatfull, 1998).  mIHF is an 
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essential gene in M. smegmatis and its deletion affects the growth of M. tuberculosis 

(Pedulla & Hatfull, 1998; Sassetti et al., 2003).  It is capable of bending DNA throughout 

the chromosome, compacting it (Mishra et al., 2013).  It is thought to be a general 

transcriptional regulator with broad implications for cell development (Mishra et al., 

2013). 

 

1.3 Aims of this work 

Here, we investigate the nucleoid-associated protein Streptomyces integration host 

factor (sIHF), which non-specifically binds DNA and impacts development and antibiotic 

production.  Through targeted mutations, we probe the interfaces of sIHF thought 

responsible for its interactions with DNA and assess the relevance of these interfaces to in 

vivo activity.  Further, we examine the transcriptionally silent SCO6429-SCO6438 

biosynthetic cluster and attempt to activate transcription from its promoter by 

manipulating its potential regulatory proteins.  Binding sites for Crp found in close 

proximity to this cluster led to our analysis of Crp effects on cluster expression, alongside 

the role of a potential pathway specific regulator.  Finally, we overexpress Crp in a library 

of Streptomyces and assay these strains for novel bioactivity against known clinical 

pathogens. 
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Figure 1.1: Streptomyces development cycle during solid culture. Spores germinate in 

nutrient-rich environments and grow by hyphal-tip extension and branching, forming a 

penetrative vegetative mycelia.  As vegetative mycelial density increases, Streptomyces 

raise aerial hyphae and secrete secondary metabolites (blue).  Aerial hyphae 

metamorphose into spore chains, and individual spores are then dispersed by 

environmental and mechanical forces. 
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Chapter 2: Materials and Methods 

2.1 Bacterial culturing, transformation and selection 

2.1.1 Preparation of cultures & storage of strain stocks 

E. coli cultures (strains summarized in Table 2.1) were grown for 16-22 h in Luria-

Bertani (LB) broth liquid medium (Miller, 1972) or Super Optimal Broth (SOB) medium 

(Hanahan, 1983), supplemented with antibiotics when appropriate (as indicated in Table 

2.2).  To create stocks, 700 µl of a dense overnight culture  mixed with 700 µl of sterile 

20% glycerol in screwcap tubes and stored at -80ºC.  E. coli selection on solid medium 

was carried out on solid LB or Difco-nutrient agar (DNA), with appropriate antibiotics. 

Streptomyces cultures (strains summarized in Table 2.1) were grown in or on a range of 

media (see Table 2.3). 

 

2.1.2 Preparing chemically competent & electrocompetent E. coli cells 

Overnight cultures of E. coli cells were subcultured in 50 ml of LB liquid medium to an 

optical density at 600 nm (OD600) of 0.6-0.8 and pelleted in a benchtop centrifuge at 5000 

×g for 5 min at 4ºC.  To prepare chemically competent cells for heat shock, cell pellets 

were washed three times by resuspension in 10 ml ice-cold 100 mM CaCl2, before 

collecting them again by centrifugation and decanting the supernatant.  Following the 

third wash, cell pellets were resuspended in 2 ml of 100 mM CaCl2 and 45 µl aliquots 

were dispensed  into 1.5 ml microcentrifuge tubes.  To prepare electrocompetent cells, E. 

coli subcultures were collected once they reached an optical density (OD600nm) of 0.6-0.8.  

Cells were then washed (pelleted, and then resuspended) three times in 10 ml of 4ºC 10% 

sterile glycerol.  After the third wash, the resulting cell pellet was resuspended in 1 ml of 

10% sterile glycerol and aliquoted into 50 µl volumes in 1.5 ml microcentrifuge tubes. 
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2.1.3 Transformation of E. coli cells for molecular cloning 

Plasmids (summarized in Table 2.4) were heat-shocked into chemically competent E. coli 

DH5α cells (smaller constructs) (Invitrogen) or electroporated into electrocompetent E. 

coli DH5α cells (larger constructs).  Introduction of plasmid DNA into chemically 

competent E. coli cells entailed mixing 3 µl of extracted plasmid stock with 45 µl of 

chemically competent cells in 1.5 ml microcentrifuge tubes and incubating on ice for 15 

min.  The cells were then heat shocked by placing the tubes in a 37ºC water bath for 30 s, 

and then placed immediately on ice for 2 min.  For electroporations, 3 µl of extracted 

plasmid stock were mixed with 50 µl of electrocompetent cells, and incubated on ice for 

15 min.  Cells were transferred to an electroporation cuvette and pulsed once in an 

electroporator (BioRad) set to EEC2/bacteria/time (ms).  Both heat-shocked and 

electroporated cells were then grown in 1 ml of LB medium for 1 h at 37ºC, shaking at 

200 rpm.  Cells were then pelleted by centrifugation in a benchtop centrifuge at 5000 ×g 

for 5 min at 4ºC, prior to decanting of the supernatant, and resuspension of the cells in the 

residual medium.  Resuspended cells were plated on LB or DNA solid agar medium 

supplemented with appropriate antibiotics, and were grown for 16-22 h until single 

colonies developed. 

 

2.1.4 Harvesting and storage of Streptomyces spore stocks 

Soy flour mannitol (SFM) plates overlaid with sterile cellophane disks were inoculated 

with a cell suspension that resulted from the crushing and resuspending of a single 

Streptomyces colony in 200 µl of sterile water.  These plates were grown for 4-5 days at 

30ºC until cell growth was confluent and the colonies were sporulating.  A sterile flat 

edge was used to scrape the cell biomass from the cellophane disk into 10 ml of sterile 

water in a glass vial.  These solutions were then sonicated in a water bath sonicator for 2 

min until the solutions turned a dark colour and only small pieces of debris remained.  

Spores were then filtered through a small bed of sterile cotton batting in a syringe, into 15 

ml Falcon tubes and centrifuged at 5000 ×g for 5 min.  The water was decanted and the 

pelleted spore stocks resuspended in sterile 20% glycerol. 
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2.1.5 Culture density measurements 

The density of E. coli and S. venezuelae liquid cultures was determined using a 

spectrophotometer measuring the OD600 relative to a liquid medium blank.  S. coelicolor 

culture growth was monitored using cell weight: 1 ml culture medium was centrifuged at 

5000 ×g at 4ºC for 5 min, the supernatant extracted, and the resulting cell pellet was 

weighed after drying.  

 

2.2 Molecular cloning and DNA preparation 

2.2.1 Extraction of plasmids from E. coli 

The Miniprep PureLink extraction kit (Invitrogen) was used to isolate plasmids from E. 

coli.  One microlitre of an overnight culture of E. coli was centrifuged at 10,000 ×g for 1 

min to collect the cells. The resulting cell pellet was resuspended and lysed, and the 

plasmid DNA extracted as per the manufacturer’s instructions. 

 

2.2.2 Extraction of genomic DNA from Streptomyces 

Streptomyces genomic DNA was extracted either using a phenol-chloroform-based 

extraction procedure, or using the Genomic DNA isolation kit (Norgen), following the 

manufacturer’s instructions.  In each case, Streptomyces spores (~3000) were used to 

inoculate a 10 ml liquid culture composed of 5 ml tryptone-soya broth (TSB) and 5 ml 

yeast extract-malt extract (YEME) media.  This culture was grown at 30ºC for 4 days, 

after which 2 ml were pelleted by centrifugation at 5000 ×g for 5 min at 4ºC.  Phenol-

chloroform extractions then involved cells being resuspended in R3 lysis buffer + RNase 

(Invitrogen) followed by the addition of a 49:49:1 phenol:choloroform:isoamyl alcohol 

solution in a 1:1 volumetric ratio.  The cell-phenol solution was vortex mixed before 

being centrifuged at 8000 ×g in a Sorvall benchtop centrifuge for 5 min. The upper 

aqueous phase was then extracted. Genomic DNA was precipitated by adding two 

volumes of 95% ethanol and incubating at -20ºC for 2 h.  DNA was pelleted by 

centrifugation at 8000 ×g and 4ºC for 5 min, after which the ethanol was decanted, and 
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the resulting DNA pellet air-dried before being resuspended in ~200 µL of nuclease-free 

water.   

 

When checking the genomic integrity of Streptomyces strains that had been subjected to 

genetic engineering, in lieu of extracting genomic DNA, template genomic DNA was 

instead prepared rapidly by transferring a 1 mm2 area of confluent cell growth on agar 

plates into 30 µl of nuclease-free water. This cell suspension was then incubated at 95ºC 

for 10 min.  Three microliters of the resulting DNA suspension was then used as template 

DNA for amplification by PCR, as described below. 

 

2.2.3 Oligonucleotides & sequencing 

Oligonucleotides used as primers for cloning are listed in Table 2.5 and were designed 

with the assistance of the programs SnapGENE and NCBI Primerblast.  All 

oligonucleotides were purchased from MOBIX DNA facilities (McMaster University) 

operating in conjunction with Integrated DNA Technologies.  MOBIX DNA facilities 

also provided all sequencing of prepared plasmid constructs and PCR samples. 

 

2.2.4 Amplification of target DNA & DNA visualization 

Taq DNA polymerase (Invitrogen) was used for determining optimal primer annealing 

conditions, validating the success of cloning reactions and plasmid conjugation into 

Streptomyces, and assessing clone orientation when necessary.  Amplification reactions 

were conducted as per the manufacturer’s instructions, while reaction conditions varied 

depending on the primers used, and the desired product length. Typical reaction and 

amplification programs are outlined in Table 2.6.  High-Fidelity Phusion polymerase 

(New England Biolabs) was used as recommended by the manufacturer, to amplify any 

DNA fragments to be used for cloning purposes (New England Biolabs, Phusion 

polymerase manual). Typical amplification programs are summarized in Table 2.6.  PCRs 

were carried out in an Eppendorf or Biorad thermocycler.  When needed for subsequent 

reactions (e.g. cloning), the amplified DNA was purified using a PCR purification kit 
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(Invitrogen) (when a single reaction product was obtained), or a DNA gel extraction kit 

(Qiagen) (when more than one reaction product was obtained).  Large batches of DNA 

were purified using phenol/chloroform extraction. DNA was separated on a 1% agarose 

Tris-Borate-EDTA (TBE) gel containing ethidium bromide at 100 V in 1× TBE buffer. 

Separated DNA was visualized using UV light (395 nm wavelength). 

 

2.2.5 Gene stitching by overlap extension PCR 

To combine two DNA sequences without using restriction enzyme-mediated attachment, 

as in the case for CRISPR right and left flank stitching, overlap extension PCR was used.  

This process involved individually amplifying the two DNA segments that were to be 

stitched together. One of the two products was amplified using primers having 

complementary extensions on one end, such that the 3′ end of that sequence overlapped 

with the 5′ end of the other sequence by 17-20 nucleotides.  These two DNA products 

were then purified, and added into a typical Phusion PCR reaction mixture in a 1:1 molar 

ratio without any additional primers, before being subjected to 10 cycles of DNA 

extension, to generate a full-length product.  Flanking primers were then added to the 

mixture and a conventional Phusion PCR protocol was performed to amplify the 

‘overlapped’ DNA.  The resulting DNA product was then gel extracted if necessary. 

 

2.2.6 Restriction enzyme digestion & DNA ligation 

All DNA digests were performed in the Cutsmart Restriction Enzyme buffer system (New 

England Biolabs), unless the selected enzyme had an alternate recommended buffer for 

optimal activity.  DNA was diluted 1/50 in Cutsmart buffer to a final volume of 100 µl, 

before adding 5-10 units of the appropriate restriction enzyme(s), and incubating in a  

37ºC water bath for 30 min.  An additional 5-10 units of enzyme were added to the 

reaction, followed by an additional incubation of up to 2 h.  Digested plasmid DNA that 

was to be used for cloning purposes was dephosphorylated using 1 µl of shrimp alkaline 

phosphatase (Invitrogen), and the reaction was incubated at 37ºC for 1 h.  Blunt-end 

cloning of DNA fragments required phosphorylation of the insert DNA by polynucleotide 
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kinase (Invitrogen) for 1 h at 37ºC.  Ligation of DNA inserts into digested plasmids was 

carried out using the T4 DNA ligase kit (Invitrogen), where a 3:1 insert:vector molar ratio 

was mixed together in a 10 µl reaction (~100 ng of DNA), and this reaction was 

incubated overnight at 16ºC before introduction via heat-shock into commercially 

competent E. coli DH5α cells (Invitrogen).  Alternatively, ligations were carried out using 

the Rapid DNA Ligation kit (Roche), where again, a 3:1 insert:vector molar ratio was 

combined in a 20 µl reaction and incubated at ambient temperature for 10 min, before 

being introduced into E. coli DH5α cells, as described above. 

 

2.3 Genetic engineering of Streptomyces 

2.3.1 Conjugation of integrative plasmid vectors 

Plasmid vectors used in this study are outlined in Table 2.4.  All conjugative 

vectors used here harbor a ΦC31 or ΦBT1 integrase site, the corresponding phage 

integrase gene, an E. coli origin of replication, an origin of transfer, and selectable 

antibiotic resistance marker(s).   

Introducing plasmids into Streptomyces strains was achieved by conjugation from 

a methylation-deficient E. coli strain (E. coli ET12567) carrying a conjugation competent 

‘helper plasmid’ pUZ8002.  Plasmids were electroporated into E. coli ET12567/pUZ8002 

and successful transformants were selected using antibiotics specific for the plasmid 

resistance marker.  A single colony was then selected and inoculated into LB medium 

supplemented with the plasmid-specific antibiotic, along with kanamycin (50 μg/ml) and 

chloramphenicol (25 μg/ml) (to maintain selection for the pUZ8002 plasmid, and the 

methylation mutation), and was grown in liquid medium for 16-22 h. The cells were then 

subcultured into 50 ml of LB liquid medium supplemented with the same antibiotics as 

the overnight culture, and grown to an OD600 of 0.6-0.8.  Cells were collected by 

centrifugation at 8000 ×g for 5 min and were washed by sequentially resuspending and 

pelleting the cells three times with fresh LB medium.  Cells were finally resuspended in 3 

ml of fresh LB medium.  Ten microlitres of a concentrated Streptomyces spore stock 

(approximately 50 million spores/μl) were added to 500 µl of 2×YT (yeast extract-
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tryptone) liquid medium and incubated at 50ºC for 10 minutes.  This spore suspension 

was cooled on ice for up to 2 h and then combined with 500 µl of the E. coli 

ET12567/pUZ8002 plasmid-carrying strain and plated on solid SFM medium.  The E. 

coli-Streptomyces mixture was then grown at 30ºC for 16-22 hours before being overlaid 

with 1 ml sterile water containing appropriate antibiotics for both selection of the 

conjugative plasmid and selection against the E. coli plasmid donor (antibiotic 

concentrations used are described in Table 2.2).  Strains were incubated for an additional 

5 days, or until exconjugant colony growth was robust.  These colonies were then re-

streaked on the appropriate selective medium and a single colony was used to generate 

spore stocks (Kieser et al,. 2000). 

   PCR was used to validate the successful chromosomal integration of the 

conjugative vector. Briefly, genomic DNA was isolated and was used as template DNA, 

in conjunction with insert and vector specific primers that provided a diagnostic product.  

The resulting PCR fragment was then purified and sequenced.   

 

2.3.2 CRISPR-mediated deletions 

Deletion of SCO6439 was performed using pCRISPomyces-2 (Table 2.4), a 

conjugative vector harboring the Cas9 protein-encoding gene, an E. coli origin of 

replication, a temperature sensitive Streptomyces origin of replication, an origin of 

transfer, a guide RNA (gRNA), and an editing template, using a protocol adapted from 

(Cobb et al., 2015).  The gRNA protospacer was selected by finding an NGG nucleotide 

motif (protospacer adjacent motif, or PAM) on the non-template strand that, in 

combination with the immediate upstream 15 nucleotides, did not have complete 

complementarity elsewhere in the genome, as determined using BLASTn (NCBI, 

(Altshul, et al, 1990)). The gRNA protospacer was produced by annealing two 

nucleotides comprising complementary sequences specific for the 20 nucleotides 

upstream of the PAM sequence (gRNA-6439 For, gRNA-6439 Rev), with single stranded 

BbsI specific overhangs on either end.  Introduction of the protospacer sequence into 

pCrispomyces-2 was carried out by Golden Gate assembly and confirmed by sequencing 
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using the downstream pMC600R primer (Table 2.5).  Separately, the editing template for 

CRISPR was designed by PCR amplifying two 1 kb products flanking the 

protospacer/PAM region (1kLF/1kRF). The intervening sequence ultimately represents 

the deletion that will be created, following the stitching together of the two flanking 

products (as per Section 2.2.4), and the ultimate double cross-over recombination that 

occurred between them and the chromosomal DNA.  Following stitching together of the 

two flanking sequences, the resulting 2 kb product was cloned into the unique XbaI site in 

pCrispomyces-2.  The resulting construct was then conjugated into S. coelicolor, and 

grown at 30oC on SFM agar, overlaid with apramycin (to select for the plasmid) and 

nalidixic acid (to select against the donor E. coli). Exconjugants were re-streaked on SFM 

medium (without nalidixic acid) and grown at 37ºC for 4 days until single colonies 

emerged; the pCRISPomyces Streptomyces origin of replication is temperature sensitive, 

and thus growing at 37oC is sufficient to cure the thermosensitive vector.  Confirmation 

of plasmid curing was achieved by patching colonies onto SFM, and SFM supplemented 

with apramycin, and growing the cultures at 30ºC for 4 days.  Those colonies that were 

now sensitive to apramycin (and had thus lost the pCRISPomyces plasmid) were screened 

via PCR. Potential mutants were then further tested using PCR amplification across the 

deleted region, followed by sequencing to confirm the deletion of interest. 

 

2.4 Microscopy & cell imaging 

2.4.1 Spore phenotype and nucleoid imaging 

Coverslips were immersed in ethanol, flame-sterilized, and inserted at a 45º angle in SFM 

plates.  S. coelicolor Δsihf strains were inoculated underneath the coverslip slants (2 µl, 

~5000 spores), and were grown for 4 days at 30ºC.  The coverslips, with adherent cells, 

were then removed from the agar, fixed by flooding the coverslip with 100 µl of methanol 

and allowing to dry. Two microlitres of DAPI stain diluted 1 in 5 in provided dilution 

solution (Invitrogen)  applied immediately to the fixed cells for 2 mins, before the cells 

and coverslip were washed briefly with 1 mL of sterile water.  Coverslips were mounted 

on 10 µl of 10% glycerol on a microscope slide, and the edges were sealed using clear 
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nail polish. DAPI-stained cells were imaged using a Zeiss Axio microscope with a 100× 

oil-immersion objective. 

 

2.4.2 Spore length and nucleoid area calculations 

Spore lengths for Δsihf mutant and complemented strains were determined by measuring 

the maximum length of individual spores using the measure tool in FIJI-ImageJ 

(Schindelin et al., 2012; Schneider, 2012), and a 0.06 µm/pixel conversion ratio.  

Nucleoid areas were determined using the measure>particle analysis tool in FIJI-ImageJ 

with the Otsu threshold option.  More than 270 spore lengths/nucleoids were measured 

for all strains.  A chi-square test was performed to evaluate differences between nucleoid 

areas or spore lengths for mutant and complemented strains.  

 

2.5 Protein extraction & detection 

 2.5.1 Extraction of proteins from Streptomyces 

Fifty millilitre cultures of 1:1 YEME-TSB-grown Streptomyces strains ( Δsihf containing 

the integrating plasmid pIJ82 alone, or bearing wildtype and mutant variants of sIHF; 

Table 2.4) were pelleted by centrifugation prior to the cells being resuspended in lysis 

buffer (10 mM Tris-HCl, 10 mM KCl, 50 mM NaCl, 2 mM MgCl2, 1 mM DTT, EDTA-

free protease inhibitor (Roche), 0.4 mg/µl lysozyme).  Cell suspensions were then 

incubated for 1 h at 37ºC in a water bath and inverted every 5 min.  Following this 

incubation, the suspensions were subjected to sonication using a tip sonicator at duty 

40%, Power level 5, in 10 s bursts, interspersed by 10 s on ice, for 2 mins, or until the 

suspension achieved a silky texture.  Suspensions were centrifuged at 4ºC for 30 mins at 

12,000 ×g to separate soluble proteins from cell debris and insoluble compounds. The 

supernatant was then collected and stored at -20 ºC. 

 

2.5.2 Protein quantification 

 To determine the concentration of proteins in each protein extract, soluble proteins 

were quantified using a Bradford assay.  Bradford dye reagent (BioRad) was diluted 1 in 
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5 in ultrapure water prior to being filtered through Whatman #1 filter paper to remove any 

settled aggregates.  Ten microlitres of each protein sample was added to wells in a 96 

well plate in technical triplicate, after which 200 µl of the diluted Bradford reagent was 

added.  The samples were incubated at ambient temperature for 5 min, prior to measuring 

the absorbance at 595 nm.  A standard curve was generated using BSA concentrations 

ranging from 0.06 mg/ml to 1 mg/ml, and after graphing the absorbances versus protein 

concentration, the resultant slope was used to determine the quantity of protein in each of 

the Streptomyces extracts.  To ensure that absorbances were within the linear dynamic 

range of the assay (specified by the BSA standards), samples were diluted with water 

when necessary. 

 

2.5.3 Protein visualization and detection by Western blotting 

To detect sIHF in the Δsihf complemented strains, protein samples were diluted to 

the lowest concentration, diluted in 4× Buffer A loading buffer (40% glycerol, 200 mM 

Tris-HCl pH 6.8, 8% SDS, 0.04% bromophenol blue, 5% 2-mercaptoethanol) and boiled 

at 95ºC for 10 min.  Samples were briefly centrifuged, prior to loading 15 μL (1 mg) of 

protein extract onto a 15% Tris-Tricine SDS-PAGE gel. Samples were electrophoresed 

for 1.5 h at 200 V.  To ensure that equivalent amounts of proteins were run for each 

sample, one gel was stained with Coomassie Brilliant Blue for 1 h while shaking, 

followed by  washing three times for 15 mins in destain (40% methanol, 10% glacial 

acetic acid) while shaking.  The second gel was subject to western blotting. This involved 

first treating a PVDF membrane with methanol, and then equilibrating it in transfer buffer 

(25 mM Tris pH 8.0, 190 mM glycine, 20% methanol, pH 8.3). The equilibrated 

membrane was then overlayed with the SDS-PAGE gel, and the membrane/gel were then 

placed between two filter membranes soaked in transfer buffer.  A cylinder was pressed 

and rolled over the stack, in order to squeeze out excess transfer buffer and remove 

bubbles between the gel and PVDF membrane.  Proteins were transferred from the SDS-

PAG to the PVDF membrane using a BioRad Semi-Dry transfer apparatus at 15 V for 1 

hour.  sIHF detection was initiated by blocking the membrane in blocking solution [TBS-
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T (Tris buffered saline: 20 mM Tris pH 8.0, 150 mM NaCl)-0.01% Tween) with 5% skim 

milk powder] for 1 h. The membrane was then washed three times in 10 ml of TBS-T for 

15 min each. Next, incubation with the primary (sIHF-specific polyclonal) antibody 

(Swiercz, 2013) involved a 1 h incubation of the blocked membrane in blocking solution, 

into which the primary antibody was added in a 1/500 concentration.  Following this 

incubation, the membrane was then washed three times in TBS-T, again for 15 min per 

wash.  The final membrane incubation involved blocking solution containing a 1/3000 

dilution of secondary antibody [goat-anti-rabbit antibody, HRP-labelled (Invitrogen)].  

After 1 h, the membrane was subjected to a final three washes in TBS-T, as described 

above. sIHF detection was achieved using horseradish peroxidase detection solutions, 

which were mixed as per the manufacturer’s instructions (General Electric) and added 

directly to the membrane for 30 s in dark conditions.  The membrane was then wrapped in 

cling film, and was immediately overlaid with an X-ray film for 30 s to 5 min, depending 

on signal strength following development of short-timed films.  Film was developed in a 

film developer. 

 

2.6 In silico analyses & statistical testing 

2.6.1 RNA-seq in silico processing 

RNA-seq data was generated by Dr. Emma Sherwood. She isolated total mRNA, 

in duplicate, from S. venezuelae Δsihf and wildtype strains at three time points 

(exponential vegetative growth; transition phase fragmentation; stationary phase and 

onset of sporulation).  Data processing was carried out using the workflow indicated in 

Figure 2.1: Trimmomatic was used to trim reads (Bolger,  2014), FastQC was used to 

evaluate the quality of the trimmed reads before Bowtie2 (Langmead, 2013) mapped 

reads to the genome.  Output .bam files were modified to .sam files for counting in HTseq 

(Anders, 2015).  Read counts at each gene were analyzed using the DeSeq2 statistical 

package in R (Love, 2014).  Appendix A1 contains the final BASH/R scripts used to 

process this data workflow.  RNA reads were processed using servers provided by Dr. 

Brian Golding (McMaster University) and statistical analyses were performed in R using 
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the DeSeq2 statistical packages (version 1.11.9).  Read trimming was performed by 

Trimmomatic version 0.25, mapping performed by bowtie2 version 2.2.2, and counting 

performed by HTseq version 0.6.1. 

 

2.7 Biochemical Assays 

2.7.1 Reporter assay of promoter activity by gusA 

Streptomyces M1146 strains harboring pGUS vectors (gusA under PErmE*) were 

grown in biological triplicate, in 14 ml of YEME-TSB liquid medium, together with ~10 

sterile glass beads to assist with cell dispersal.  One millilitre of culture was harvested at 

the 24 hour 48 hour and 72  hour timepoints, the cells were pelleted, and washed in 1 ml 

of sterile water before being pelleted again and stored at -80ºC. Frozen pellets were then 

thawed on ice, prior to the cells being resuspended in lysis buffer (50 mM NaH2PO4, 

0.03% 2-mercaptoethanol, 0.1% Triton X-100, 4 mg/ml lysozyme) and incubated at 37ºC 

for 1 h. To ensure appropriate mixing, the lysis suspensions were inverted every 10 min.  

Cell debris was then pelleted by centrifugation and the lysate supernatant was disposed.  

One hundred microliters of supernatant were added to a transparent 96 well plate in 

triplicate for each replicate. To this supernatant was added 66.6 µl of Z-buffer (150 mM 

NaH2PO4, 20 mM KCl, 5 mM MgCl2, 0.03% 2-mercaptoethanol, pH 7) and 33.3 µl of 4 

mg/ml 4-Nitrophenyl β-D-glucopyranoside (PNPG) were added.  Absorbance 

measurements were collected at a wavelength of 420 nm in a microplate reader (Synergy) 

every 3 min for 4 h. 

The average absorbance change was measured within the linear region of the 

assay for each replicate, and was normalized by protein content as measured by a 

Bradford assay (described above).  The calculation for the arbitrary units is as follows:  

𝐴𝑈 =
𝑠𝑙𝑜𝑝𝑒(

𝛥𝐴𝐵𝑆420𝑛𝑚

𝑡𝑖𝑚𝑒(𝑚𝑖𝑛𝑠)
)

𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑚𝑔

𝑚𝑙
)
.  Calculation of fold changes was made by dividing the 

arbitrary units of promoter segments with Crp-O/E by its corresponding promoter 

segment with the empty plasmid. 
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2.8 Wright Actinomycete Collection (WAC) Screening 

 Strains from the WAC collection (200) as well as those transformed with either 

empty plasmid or Crp-O/E were screened against MRSA and/or P. aeruginosa.  A small 

aliquot of spores for each strain was grown in a spot on a Bennett’s medium agar plate for 

four days at 30ᵒC before an overlay of Bennett’s agar inoculated with Methicillin-resistant 

Staphylococcous aureus (MRSA) or Psuedomonas aeruginosa was added.  It was 

incubated for another 24 hours at 30ᵒC and zones of inhibition measured with a ruler. 
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Table 2.1: Species used 

 

Streptomyces species Strain Genotype/Usage Reference 

S. venezuelae ATCC 10712  Wildtype 
Gift from M. Bibb and M. 
Buttner 

S. coelicolor M145 SCP1
-
 SCP2

- -(Keiser et al., 2000) 

S. coelicolor M1146 Δact, Δred, Δcpk, Δcda (Gomez-Escribano & 
Bibb, 2011) 

    
E. coli species 

   

E. coli 
DH5α Molecular cloning 

Bethesda Research 
Laboratories 

E. coli ET 12567  

pUZ8002 
Source of tra genes and 

conjugation into Streptomyces (MacNeil et al., 1992) 
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Table 2.2: Working antibiotic concentrations 

 

 

 

  

Antibiotic Working Culture Concentration 
Conjugation Overlay Concentration  

(1 ml sterile dH2O overlays) 

Apramycin 50 µg/ml 1.25 mg/ml 

Hygromycin 50 µg/ml 1.25 mg/ml 

Ampicillin 100 µg/ml 2.5 mg/ml 

Nalidixic Acid 25 µg/ml 0.625 mg/ml 

Chloramphenicol 25 µg/ml 0.625 mg/ml 

Kanamycin 50 µg/ml 1.25 mg/ml 
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Table 2.3: Media types 

Media type Nutrient conditions Usage 

Soy flour mannitol (SFM) Good 
Analyzing Streptomyces development/making 

spore stocks 

R5 medium Rich Source of robust nutrient conditions 

Streptomyces antibiotic medium 

(SAM) 
Rich 

Promoting antibiotic production 

Bennett’s medium Rich Growth of many species 

Minimal medium (MM) Poor For evaluating supplements/carbon sources 
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Table 2.4: Plasmids used in this work 

Project Plasmid Name Usage Origin 

6439 k/o CRISPR (knockout of 

predicted cluster regulator) 
pCrispomyces-2 

CRISPR template vector designed for 

use in Streptomyces 
 (Cobb et al., 2015) 

 

pCrispomyces-2 + 

EditSCO6439_gRNASCO6439 
CRISPR vector for introducing 

frameshift into SCO6439 
This work 

pGUS 6429 GUS assays on 6429 

promoter activity 
pIJ10257: ErmE* 

empty integrative vector control 

(φBT1) 
(Hong, Hutchings, 
Hill, & Buttner, 2005) 

 
pIJ10257 + ErmE*-Crp 

integrative vector + Crp overexpression 

under ErmE*  
internal 

 
pGUS 

empty Gus reporter vector control 

(φC31) 

(Myronovskyi, Welle, 
Fedorenko, & 
Luzhetskyy, 2011) 

 
pGUS:ErmE* 

Gus reporter vector with gusA under 

ErmE* promoter 
Internal 

 
pGUS: Psco6429 1B-2B 

Gus reporter vector with gusA under 

Psco6429 1B-2B region 
This work 

 
pGUS: Psco6429 1B-2C 

Gus reporter vector with gusA under 

Psco6429 1B-2C region 
This work 

 
pGUS: Psco6429 1A-2B 

Gus reporter vector with gusA under 

Psco6429 1A-2B region 
This work 

 
 pGUS: Psco6429 1A-2C 

Gus reporter vector with gusA under 

Psco6429 1A-2C region 
This work 

SVEN sIHF FLAG-tagging 

constructs 
pCrispomyces-2 

Crispr template vector designed for use 

in Streptomyces 
(Cobb et al., 2015) 

 

pCrispomyces-2 + EditSVEN1080-5XGly-

3XFLAG_gRNASVEN1080 
Crispr vector for introducing 3×Flag 

tag onto SVEN1080 
This work 

 

pCrispomyces-2 + EditSVEN1080-

[SerGly
3
]

4
-3XFLAG_gRNASVEN1080 

Crispr vector for introducing 3×Flag 

tag onto SVEN1080 
This work 

SCO1480 mutant complement 

vectors 
pSET152 Empty integrative vector 

(Bierman et al., 
1992) 

 
pSET152 + SCO1480 Integrative vector + SCO1480 This work 

 
pSET152 + SCO1480: NQ93SS Integrative vector + SCO1480 mutant This work 

 
pSET152 + SCO1480: RR85AS Integrative vector + SCO1480 mutant This work 

 
pSET152 + SCO1480: INSGly66 Integrative vector + SCO1480 mutant This work 

 
pSET152 + SCO1480: Groove Integrative vector + SCO1480 mutant This work 

 
pSET152 + SCO1480: Δ1-13 Integrative vector + SCO1480 mutant This work 

 
pSET152 + SCO1480: Δ1-36 Integrative vector + SCO1480 mutant This work 

WAC strain transformation pIJ12551 
Integrative empty negative control 

plasmid (φC31) 
(Sherwood, Hesketh, 
& Bibb, 2013) 

 
pIJ12551 + P

ErmE*
-Crp Integrative empty negative control 

plasmid with Crp-O/E(φC31) 
This work 
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Table 2.5: Oligonucleotides:  Red sequences are hybrid sequences, RE sites underlined 

Project Name Oligonucleotide Sequence (5'-3') Usage 

6439 k/o CRISPR (knockout of 

predicted cluster regulator) 

NdeI-6439_For CGACGTCATATGGTTCCGTTCCGGGGATG SCO6439 clone screening 
6439-HinDIII_Rev CGACGAAGCTTTCAGTCCTCGACCCAGCCGTG SCO6439 clone screening 

gRNA-6439 For ACGCTCCGGAACGCACCGACTCCT CRISPR-mediated deletion of 

SCO6439 
gRNA-6439 Rev AAACAGGAGTCGGTGCGTTCCGGA CRISPR-mediated deletion of 

SCO6439 
1kLF_6439_For CATAGTCTAGAGACGATGTCCGTCTGGATACG CRISPR-mediated deletion of 

SCO6439 
1kLF_6439_Rev CGGGAATGAGCAGGTCGTTC CRISPR-mediated deletion of 

SCO6439 
1kRF_6439_For CGACCTGCTCATTCCCGCTGGTCGTGGAATTC CRISPR-mediated deletion of 

SCO6439 
1kRF_6439_Rev GCACTTCTAGACTGCACATGCACATCGGCTC CRISPR-mediated deletion of 

SCO6439 

pGUS 6429 GUS assays on 6429 

promoter activity 

pGUS_For AAGCTTGCTCAATCAATCACC pGus clone screening [multi-

binding] 
pGUS_Rev CGTCCAGCTTCTTGATCTCG pGus clone screening 

Crp1-P6429_1A_For CATAGTCTAGAGTATCGGCGGTCTCTTGGATC Psco6429 cloning into pGUS 
P6429_1B_For TCTAGAAGTCCGATTGCGTGCGACCCGTC Psco6429 cloning into pGUS 
P6429_2B_Rev CAGATGGTACCGTCCTGATGCCGCTTTCGCAT Psco6429 cloning into pGUS 

P6429-Crp2_2C_Rev CAGATGGTACCCTGATTCCGTCGTGGACGCTC Psco6429 cloning into pGUS 

SVEN sIHF FLAG-tagging constructs 

SVEN_1080_1kL_For CATAGTCTAGACCTTCTTCGAGCGCTTCGGCTC CRISPR-mediated in situ FLAG-

tagging  of SVEN1080 
SVEN_1080_1kL_Rev CTCGAGGGCGCCGGTGCTGCCGAACTC CRISPR-mediated in situ FLAG-

tagging  of SVEN1080 
SVEN_1080_1kR_For TCGGCAGCACCGGCGCCCTCGAGCCCGGCGACAGGTCCCGCTG CRISPR-mediated in situ FLAG-

tagging  of SVEN1080 
SVEN_1080_1kR_Rev CATAGTCTAGATCGAGCAGCTCGTCGATCGGC CRISPR-mediated in situ FLAG-

tagging  of SVEN1080 
5xGly linker For TCGACGGCGGCGGCGGCGGCC Linker for FLAG-tagging of 

SVEN1080 
5xGly linker Rev TCGAGGCCGCCGCCGCCGCCG Linker for FLAG-tagging of 

SVEN1080 
[SerGly4]3 linker For TCGACTCCGGCGGCGGCGGCTCCGGCGGCGGCGGCTCCGGCGGCGGCGGCC Linker for FLAG-tagging of 

SVEN1080 
[SerGly4]3 linker Rev TCGAGGCCGCCGCCGCCGGAGCCGCCGCCGCCGGAGCCGCCGCCGCCGGAG Linker for FLAG-tagging of 

SVEN1080 
FLAG-Forward (xhoI) TCGAGGACTACAAGGACCACGACGGCGACTACAAGGACCACGACATCGACTACAAGGACGATGACGACAAGTGAC Linker for FLAG-tagging of 

SVEN1080 
FLAG-Reverse (xhoI) TCGAGTCACTTGTCGTCATCGTCCTTGTAGTCGATGTCGTGGTCCTTGTAGTCGCCGTCGTGGTCCTTGTAGTCC Linker for FLAG-tagging of 

SVEN1080 
1080 gRNA For ACGCCGCCGGGCCGGCAGCGGGAC CRISPR-mediated in situ FLAG-

tagging  of SVEN1080 
1080 gRNA Rev AAACGTCCCGCTGCCGGCCCGGCG CRISPR-mediated in situ FLAG-

tagging  of SVEN1080 
Overlap_For TCGGCAGCACCGGCGCCCTCGA Clone check of pCrispomyces-2: 

SVEN1080 constructs 

SCO1480 sIHF check primers 

NdeI_SCO1480_For GGGTGCCATATGGCTCTTCCGCCCCTTACCC Cloning of SCO1480 
SCO1480_Rev_BamHI GGGTGCGGATCCTCAGCTGCCGGTGCTGCC Cloning of SCO1480 

Psco1480_For CGTTGCGGACTGCTGCCGACCG Check of SCO1480 mutant-

complement conjugations 
Tsco1480_Rev GATGCAGATCTATATGGGCGACGACCGTGCTC Check of SCO1480 mutant-

complement conjugations 
Δ1-36_For CCTGAACAGCGCGCAG Check of SCO1480 mutant-

complement conjugations 

General Primers 

M13F GTAAAACGACGGCCAGT Cloning checks of compatible 

vectors 
M13R CAGGAAACAGCTATGAC Cloning checks of compatible 

vectors 
T7_For TAATACGACTCACTATAGGG Cloning checks of compatible 

vectors 
T7_Rev GCTAGTTATTGCTCAGCGG Cloning checks of compatible 

vectors 
pMC600R TTTGTGATGCTCGTCAGGGG Cloning checks of compatible 

vectors 
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Table 2.6: PCR conditions 

Taq polymerase 

Reagent Final concentration 

 

Buffer 1× 

dNTP mix (10 mM) 0.2 mM 

DMSO (50%) 5% 

Primer Forward 0.3 µM 

Primer Reverse 0.3 µM 

Polymerase 0.125 U/µl 

Nuclease-Free water To desired volume 

  

  Protocol 

Step Temperature (ᵒC) Time Cycles 

Denaturation 95 3 min 1 

Denaturation 95 30 s 

×34 Annealing Tm-5 30 s 

Extension 72 30 s/1 kb 

Last Extension 72 5 min 1 

 Phusion polymerase 

Reagent Final concentration 

 

Buffer 1× 

dNTP mix (10 mM) 0.2 mM 

DMSO (50%) 5% 

Primer Forward 0.5 µM 

Primer Reverse 0.5 µM 

Polymerase 0.02 U/µL 

Nuclease-Free water To desired volume 

  

  Protocol 

Step Temperature (ᵒC) Time Cycles 

Denaturation 98 3 min 1 

Denaturation 98 10 s 

×30 Annealing Tm-5 30 s 

Extension 72 15s/kb 

Last Extension 72 5 min 1 
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Figure 2.1: RNA-seq data processing workflow.  FastQC evaluates the quality of raw 

reads, Trimmomatic trims reads to lengths of sufficient/high quality.  Bowtie2 maps 

trimmed reads to S. venezuelae genome and SAMtools converts mappings to .sam/.bam 

files for counting.  HTSeq counts the reads at each gene position in the genome.  DESeq2 

applies statistical packages to read profiles and evaluates changes between treatments.  R 

was used to generate plots from DESeq2 processing to evaluate quality of treatment read 

relationships. 
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Chapter 3: Characterization of sIHF activity in Streptomyces 

 

3.A ACKNOWLEDGEMENTS 

 

Dr. Emma Sherwood, conducted the RNA extractions, provided RNA-sequencing read 

data, and performed EMSAs of sIHF proteins in complex with DNA. 

 

3.1 INTRODUCTION 

 

3.1.1 sIHF as a regulator of development and secondary metabolite production 

sIHF localizes to the nucleoid in S. coelicolor and is produced constitutively 

throughout the S. coelicolor lifecycle (Swiercz et al., 2013). Deleting sIHF in S. 

coelicolor results in delayed development, aberrant antibiotic production, and elongated 

spores with diffuse nucleoids (Swiercz et al., 2013).  In S. venezuelae, sIHF deletion 

results in aberrant development, enhanced melanin production, and diffuse nucleoids, 

though no discernible impact on spore length was observed (E. Sherwood; unpublished 

data).  Of particular interest is the specific role of sIHF in organizing the bacterial 

nucleoid and how this activity impacts antibiotic production. 

 

3.1.2 The structure of sIHF and its proposed DNA-binding affinity 

X-ray crystallography of sIHF in complex with DNA oligonucleotides has 

revealed sIHF to comprise five consecutive alpha helices that are arranged similarly to 

domains within topoisomerase VI and the ribosomal protein S13 (Swiercz et al., 2013).  

This arrangement includes a canonical helix-2-turns-helix (H2TH) motif implicated in 

peripheral DNA binding across many protein families, and a large N-terminal helix (α1) 

that likely stabilizes the hydrophobic protein core and may utilize positively charged 

residues to interact with DNA (Nanji, 2014; Swiercz et al., 2013).   

The first 13 residues at the N-terminus appear to adopt a flexible structure that 

could not be resolved in the proposed sIHF crystal model (Swiercz et al., 2013).  These 
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residues are followed by a 21-residue alpha helix 1 (α1).  α1 contains seven positively 

charged residues that face the core of the protein and form a positively charged cleft 

(Figure 3.1).  Structural analysis by small-angle x-ray scattering (SAXS) has suggested 

that this may be a DNA binding pocket, where α1 wraps around the DNA, such that the 

positive moieties lining the cleft interact with the negative backbone of the DNA helix 

(Nanji et al., under revision).  However, the crystal-packing structure reveals that sIHF-

DNA interactions are possible at two additional interfaces: interface 1 (an inter helix loop 

that forms a lid over the hydrophobic core) and interface 2 (the H2TH motif) (Figure 3.1). 

In vitro work has shown sIHF binds DNA non-specifically and it can inhibit 

TopA-mediated relaxation of plasmid DNA, where TopA encodes the only type I 

topoisomerase in Streptomyces (Swiercz et al., 2013).  More recently, targeted mutations 

have been conducted to tease apart the relative contributions of the different binding 

interfaces, to the different functions ascribed to sIHF (Nanji, 2014).    

 

3.1.3 Developing a framework to elucidate the function(s) of sIHF 

 Currently, we lack a specific list of genetic elements influenced by sIHF activity, 

and do not know whether sIHF interacts with any other proteins in the cell.  Here, we 

work towards deciphering the effect of sIHF on global gene expression, determining the 

impact of sIHF mutations on in vivo activity, and preparing sIHF for future experiments 

to identify any protein binding partners and determine its chromosomal binding sites. 

 

3.2 RESULTS 

 

3.2.1 Transcriptome analyses reveal potential genes regulated by sIHF 

The pathways through which sIHF affects wild type Streptomyces development 

and metabolism are unknown.  It is proposed that its non-specific DNA binding and 

chromosome condensation activity may globally alter transcription, but there is as yet 

nothing known about which genes are influenced by sIHF, nor if its developmental effects 

are direct or indirect. To determine the impact of sIHF at a transcriptional level, 
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differences in mRNA transcript abundance between wild type S. venezuelae and a ΔsIHF 

mutant were analyzed following an RNA-sequencing (RNA-seq) experiment (Dr. Emma 

Sherwood, unpublished).  To track the impact of sIHF through development during 

growth in liquid medium, RNA was harvested in duplicate at three growth-stages: early 

exponential phase (T1), mid-exponential phase (T2), and early stationary phase (T3).  An 

analysis of the RNA-seq read data was conducted using multiple parameter sets, as the 

method by which RNA-seq data is processed can influence the output (Appendix A2).  

Initial processing of the data used the read mapping program eXpress and normalized 

reads before subjecting them to statistical tests (DESeq2 statistical package), producing a 

list of 360 differentially expressed genes (p<0.01, q<0.01).   We anticipated this list to 

include genes that could explain the observed spore defects in S. venezuelae eg. genes that 

directly participate in spore separation (e.g. ftsZ) or those that regulate sporulation (e.g. 

bldD).  Yet such genes did not appear to be differentially expressed in the ΔsIHF strain. 

We employed an alternative processing method that minimizes false positives and 

circumvents any bias introduced by read normalization, as outlined in Figure 2.1.  

Sequenced reads of ~75 bp were processed through a trimming algorithm that clips low 

quality nucleotides (PHRED > 25) from the sequences to ensure a high degree of 

accuracy when mapping to the chromosome.  Next an indexed database was created for 

the sequenced chromosome using Bowtie2.  The reads were mapped to this database 

using HTSeq instead of eXpress, as HTSeq ignores multi-mapped reads to minimize false 

positives and optimize the data for differential expression analysis (Anders et al., 2015).   

The number of reads at each designated gene location was counted by HTSeq.  A 

statistical suite, DESeq2 was then used to compile counts from replicates, and assess 

differential expression between the wild type and ΔsIHF strains. 

A principle component analysis (PCA) plot and cluster analysis revealed that only 

the third timepoint (T3) had sufficient similarities between replicates for reliable 

comparisons to be made (Figure 3.2); any transcriptional changes observed at either T1 or 

T2 were less likely to be reproducible. Therefore, our analyses focussed on changes in 

gene expression occurring at the early stationary (T3) growth phase. 
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At this final timepoint, our analyses ultimately yielded a list of genes whose 

transcripts were influenced by sIHF, as determined by differences in expression (p<0.01, 

q<0.1) in the wild type strain compared with the sIHF mutant strain. Notably, the 

differentially expressed genes did not include any known regulatory or developmental 

genes, suggesting that the sIHF effect on development and antibiotic production may be 

through a novel mechanism.   

 We found there were 304 genes upregulated and 254 genes downregulated by at 

least 2-fold in the ΔsIHF strain, when compared with the wild type.  The upregulated 

genes could be broadly grouped into four categories: glucose metabolism, amino acid 

metabolism, metal-ion transport, and fatty acid synthesis/metabolism (Figure 3.3).  Of the 

downregulated genes, most were of unknown function, with 120 being annotated as 

encoding “hypothetical proteins” (Figure 3.3).  While there was no obvious relationship 

between these upregulated and downregulated genes and the ΔsIHF mutant phenotype, 

these results implicated sIHF as a regulator of primary metabolic pathways in late stage 

development.   

 

3.2.2 sIHF DNA-binding interface mutations 

Given the many potential DNA binding interfaces associated with sIHF, it would 

be useful to know which was the major mediator of DNA association when considering 

both sIHF function, and our attempts to generate a functional sIHF fusion. To probe the 

DNA binding domains of sIHF, a series of targeted mutations were made to sIHF at the 

three sites suggested by the structural studies: interface 1, interface 2, and cleft ( Nanji, 

2014).  The NQ93SS and RR85AS point mutations each removed two charged residues at 

interface 1 that had the potential to interact with the DNA backbone, though R86 is 

oriented such that its charged surface lies along the cleft interface (Figure 3.1, and (Nanji, 

2014).  Mutation of interface 2 involved inserting an additional glycine residue 

(alternatively referred to as Gly, +Gly or G66+) to disrupt the ordered association of the 

amide peptide backbone of this region with the negatively charged phosphates on the 

DNA (Nanji, 2014).  To explore the contribution made by the N-terminal positively-
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charged cleft, the positively charged residues were replaced with alanines in α1 to 

eliminate any association between this region and the DNA backbone (Nanji, 2014).  

Finally, a series of N-terminally truncated proteins were created, lacking either the first 

13 (Δ1-13) amino acids (which were absent from the protein structure due to their 

presumed flexibility), or the first 36 amino acids (Δ1-36), which removed the entire α1 

helix and associated cleft (Nanji, 2014).  Electrophoretic mobility shift assay (EMSA) 

experiments revealed that both N-terminally truncated versions of sIHF, as well as the 

cleft mutant, lost their ability to bind DNA, while the NQ93SS, RR85AS, and INSG66 

were able to bind, but showed reduced affinity for DNA (Figure 3.4). 

Here, we evaluated the impact of these mutations on sIHF in vivo function, by 

introducing each sIHF mutant variant under the control of its native promoter, into a 

ΔsIHF strain of S. coelicolor.  We further attempted to generate a functional FLAG-

tagged sIHF variant using linkers to separate the FLAG epitope tag from the core protein, 

to use in ChIP-seq experiments to identify sIHF-associated sequences. 

 

3.2.3 sIHF function in vivo is sensitive to mutations at the N-terminal and DNA 

binding interfaces 

Each of the six mutant sIHF genes described above and summarized in Table 3.1 

and Figure 3.1, was cloned into the integrative, conjugative vector pSET152 and 

introduced to S. coelicolor ΔsIHF by conjugation.  Successful plasmid integration and the 

integrity of the sIHF allelles were verified by PCR amplification of each allele using a 

combination of plasmid-specific and gene-specific primers, followed by sequencing of 

the resulting PCR products (Mobix Laboratories).  Additionally, antibodies raised against 

the native sIHF protein were used to detect the mutant proteins in cell lysates from each 

complemented strain (Figure 3.5).  We could detect all the mutant sIHF proteins except 

for the Δ1-36 mutant, suggesting that this protein was not stable in vivo. 

 Given the ΔsIHF defects in sporulation (heterogeneous spore sizes), nucleoid 

compaction (more diffuse nucleoids in spores relative to wild type), and altered antibiotic 
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production, we were interested in testing the ability of each mutant protein to complement 

these specific characteristics. 

Spore lengths for each mutant-complemented strain were measured from 

microscopy images in FIJI/ImageJ (>270 spores per strain), and were compared with both 

a plasmid-alone strain (negative control), and a strain complemented with wild type sIHF 

(Figure 3.6).  The mean spore length increased from 1.1 μm in the wild type-

complemented strain, to 1.2 μm in the ΔsIHF mutant (plasmid-alone) strain.  Consistent 

with previous work, we also observed an increase in the variance of spore length in the 

ΔsIHF mutant from 0.05 to 0.11, consistent with an increased upper range for ΔsIHF of 

1.41 μm compared to wild type at 1.21 μm (5 percentile bounds were at 0.98 μm and 0.97 

μm respectively).  When considering the different mutant sIHF variants, the RR85AS 

(lid/interface 1) mutant appeared to function as wild type, complementing the ΔsIHF 

spore length, with both wild type median spore length and minimal variation in spore 

length.  Interestingly, however, NQ93SS, also at interface 1, did not complement spore 

lengths.  The +Gly mutant at interface 2 exhibited an intermediate median spore length, 

but the variance remained similar to that of the ΔsIHF strain.  Interestingly, all mutations 

to the N-terminus (cleft mutant, Δ1-13 and Δ1-36) led to variably sized spores most 

similar to those of the ΔsIHF strain, suggesting an inability to complement the mutant 

phenotype, at least for the cleft mutant and Δ1-13 strain (the Δ1-36 protein was not stable, 

and thus would have been entirely unable to complement). 

 Nucleoid area measurements from DAPI-stained spores were calculated using 

Fiji-ImageJ and revealed enhanced chromosome diffusion in the ΔsIHF (plasmid-alone) 

control strain relative to that complemented with wild type sIHF (Figure 3.7).  Consistent 

with our observations for spore length, the +Gly and RR85AS mutants exhibited wild 

type-like nucleoid areas (compact), although notably, the RR85AS had lower variance 

than the wild type-complemented strain.  The NQ93SS showed greater variance in 

nucleoid compaction, but a median similar to that of wild type.  Neither the N-terminal 

deletions nor the cleft mutant complemented the ΔsIHF nucleoid-area phenotype. 
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Finally, actinorhodin production for each of these strains was monitored by blue 

pigment secretion after 5 days of growth on SFM agar (Figure 3.8).  The wild type-

complemented strain produced copious amounts of blue pigment, which was also 

observed for the +Gly, RR85AS, and NQ93SS mutants, but not the cleft or N-terminal 

deletions (Table 3.1). 

 

3.3 DISCUSSION 

 

3.3.1 Differentially expressed genes from sIHF knockout 

The RNA-seq data, processed by two separate analyses did not yield any obvious 

candidates that could be responsible for the spore differentiation or antibiotic defects 

associated with the sIHF mutation in S. coelicolor.  Only a few uncharacterized regulators 

from the GntR, TetR, and ArsR families were identified as being differentially regulated 

in these analyses, and their corresponding transcripts were generally lowly abundant.  

Instead, most of the differentially expressed genes identified were predicted to contribute 

to some form of primary metabolism.  As primary metabolites serve as the precursors for 

secondary metabolite formation, it is possible that the observed changes in antibiotic 

production could be attributable to sIHF altering primary metabolism. 

Interestingly, we could only be confident in our observations at T3 given that the 

cluster plots show low correspondence between replicates at T1 and T2.  As T3 

corresponds to entry into sporulation, it is conceivable that sIHF-mediated chromosome 

compaction during sporulation prevents further metabolic activity, and helps to promote 

metabolic downregulation and the ensuing spore dormancy.  These changes at T3 could 

be due to direct regulatory control by sIHF, or indirect control through intermediate 

partners or the action of other regulators. 

To differentiate between direct and indirect regulation by sIHF, we had previously 

attempted to introduce a FLAG epitope tag onto sIHF to facilitate co-

immunoprecipitation with any protein binding partners. This would have allowed us to 

perform ChIP-seq experiments to determine if there were any specific loci/sequences 
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bound by sIHF. However, neither N-terminal nor C-terminal FLAG fusions to sIHF were 

able to complement the null mutant phenotype.  This has made it a challenge to probe the 

role of sIHF in regulating gene expression in Streptomyces, although it does suggest that 

both the N- and C- termini of sIHF may be critical for protein function and cannot be 

occluded by the immediate fusion of a FLAG tag.  This would be consistent with the 

known structure of sIHF, as the first 13 amino acids are necessary for binding to DNA 

(Nanji, et al.,  under revision). 

 

3.3.2 In vivo effects of targeted sIHF mutations 

Collectively, the phenotypic characteristics observed for each of the different 

mutant proteins indicate that sIHF has functions that are structurally separable.  The 

strains expressing the N-terminally truncated sIHF variants and the cleft mutant did not 

complement the spore compartmentalization defect, the diffuse nucleoids, or the lack of 

actinorhodin production by the ΔsIHF strain.  Evidently, such perturbations at the N-

terminus completely ablate sIHF activity.   

The NQ93SS interface 1 mutant complemented actinorhodin production but 

showed null mutant spore lengths and a varied distribution of nucleoid areas, though the 

median was similar to wild type.  The nearby RR85AS interface 1 mutant completely 

complemented the spore size and diffuse nucleoid phenotypes of the ΔsIHF strain.  This 

suggests that the NQ93 residues at interface 1 contributed to spore size, and possibly 

nucleoid compaction.  The capacity of NQ93SS to complement actinorhodin production 

presents two possibilities: 1) sIHF regulates spore and nucleoid size through interface 1, 

while actinorhodin production is controlled by a distinct region of the protein, or, 2) the 

NQ93SS mutant alters the malleability of the sIHF structure such that its ability to 

associate with DNA at other interfaces (most likely the N-terminal region) are influenced 

to different degrees: it meets the activity threshold to restore actinorhodin production but 

not the threshold to restore spore size to those seen in wild type.   

At interface 2, the +Gly mutant complementation restored nucleoid compaction 

but did not fully restore spore length.  As described previously, this interface was targeted 
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due to a predicted interaction between the peptide backbone and an adjacent DNA strand 

in the crystal.  This proposed interaction with DNA was somewhat corroborated by 

EMSAs showing reduced DNA binding affinity by the +Gly mutant protein.  However, 

the fact that this variant could restore wild type DNA compaction and actinorhodin 

production suggested that this weakened affinity was insufficient to inhibit in vivo 

functionality. Such an interaction would be consistent with the peripheral role for H2TH 

motifs in DNA/RNA binding by other proteins (Gilboa et al., 2002). 

Overall, these data indicate that the DNA binding cleft suggested by small-angle 

x-ray scattering SAXS, within the N-terminal region of sIHF seems to be the most 

important DNA binding determinant for this protein, as replacing the positive charges 

within α1 or truncating the N-terminal and α1 region resulted in variants that failed to 

complement any of the observed ΔsIHF phenotypes in vivo.  Interestingly, the Δ1-13 

mutant eliminated sIHF activity, even though these residues did not appear in the original 

crystal structure.  Interface 1 is not particularly sensitive to perturbation, as the mutations 

of RR85 did not influence sIHF activity in vivo, although they did compromise the DNA 

binding ability in vitro. The NQ93 residues, however, appeared to influence sIHF activity, 

as discussed above. Interface 2 did not appear to affect DNA compaction, but this region 

was implicated in the control of sporulation, based on the phenotypes associated with the 

+Gly addition. 

An explanation for these phenotypes may be that sIHF binds DNA through the 

SAXS-predicted N-terminal cleft, while interfaces 1 and 2 provide stabilizing contacts 

with DNA.  It is also possible that sIHF acts in association with as-yet-to-be-determined 

partner proteins, and these interact with sIHF through interfaces 1 and/or 2, or their 

interactions with sIHF are allosterically altered by mutations in interface 1 or 2.  

 sIHF appears to bind DNA in a manner that is unique among NAPs.  All other 

known NAPs bind DNA in a multimeric manner: H-NS dimerizes across tracks of DNA, 

bridging the DNA and polymerizing along it, while HU proteins impart bends in DNA 

through dimerization.  Yet sIHF does not appear to multimerize, instead associating with 

DNA as an abundant monomer (Swiercz et al., 2013).  Interestingly, the monomeric state 
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of sIHF may be specific for the Streptomyces protein, as its orthologue in Mycobacterium, 

mIHF has been reported to exist as a dimer in solution (Mishra et al., 2013). 

 

3.4 FUTURE INVESTIGATIONS 

Here, we establish characteristics of the sIHF protein that are critical to fully 

understanding its role in developmental and metabolic regulation.  Further research into 

sIHF should have three specific aims: 1) establish a means of isolating functional sIHF 

bound to DNA and any protein binding partners such that they can be identified, 2) 

determine how sIHF promotes chromosome condensation, and 3) exploit these 

interactions to modify secondary metabolite production.  

 

3.4.1 Flag-tagging sIHF for ChIP-seq and Co-immunoprecipitation 

The primary activity of sIHF appears to be mediated through its DNA-binding 

activity. It is therefore important that we distinguish between those genes that are directly 

transcriptionally controlled by sIHF and those that are indirectly controlled.  We sought to 

create a functional tagged (3×FLAG) sIHF protein in S. venezuelae, to permit ChIP-seq 

for cross-referencing with the RNA-seq dataset.  Given the apparent DNA-binding 

function of the N-terminus, we selected the C-terminus for FLAG-tag fusion, in the hopes 

that this would maximize the likelihood of generating a functional protein. However, 

previous fusions directly at the C-terminus had failed to complement the ΔsIHF 

phenotype in vivo (E. Sherwood, personal communication).  In an attempt to circumvent 

this issue, we opted to generate two different sIHF-3×FLAG-encoding variants under 

control of the native sIHF promoter. In contrast to previous attempts, where the FLAG 

tag was fused directly to the sIHF protein, here, we designed it such that it was separated 

by different linkers: a shorter 5×Gly repeat and a longer [SerGly4]3 linker.  The longer 

linker has been successfully used in fusions to other small DNA-binding proteins (Bush et 

al., 2016).  A restriction enzyme site was introduced at the C-terminus of sIHF lacking 

the stop codon, maintaining 1 kb upstream and downstream of the sIHF coding region.  

The linker-3×FLAG segments were introduced into this restriction site, and were 
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confirmed by sequencing.  To date, conjugation of these sIHF3×FLAG constructs into the 

S. venezuelae ΔsIHF strain have been unsuccessful.  Previous work showed that the 

immediate promoter-sIHF-terminator region of S. venezuelae was not sufficient to 

complement the ΔsIHF phenotype. However, a larger construct, encompassing an 

additional 4 kb upstream and downstream of sIHF, was sufficient to complement the 

ΔsIHF phenotype (E. Sherwood, personal communication).  The reason for this 

phenomenon is still unknown, however, it is conceivable that sIHF regulates its own 

expression by binding to sites within the flanking 4 kb regions and introduces specific 

DNA topology changes that affects its own locus.  An integrative plasmid carrying the 

sIHF gene may not present a genetic environment similar enough to the chromosome to 

permit wild type expression of the sIHF gene.  As such, it is possible that 1 kb upstream 

and downstream of sIHF may be insufficient for complementation, as was the case for the 

wild type sIHF. It is worth noting, however, that our RNA-seq data do not show altered 

transcript levels for sIHF in wild type and mutant strains. Alternatively, it remains 

possible that even in the presence of additional flanking sequence, the sIHF-3×FLAG 

protein will be non-functional.   

We are continuing to screen for successful exconjugants to complement the 

ΔsIHF strain, however, our cloning strategy also permits us to introduce the sIHF-linker-

3×FLAG genes in situ using CRISPR-Cas9. This technique reconstitutes the chromosome 

into exactly the same sequence as wild type (with the exception of the small linker-

3×FLAG introduced at the C-terminus of sIHF), ensuring that expression from the sIHF 

promoter is in its native genetic regulatory context. 

The DNA-binding sequence-specificity of sIHF is unknown. It appears to bind 

DNA oligomers promiscuously, although a systematic evolution of ligands by 

exponential enrichment (SELEX) experiment revealed a preference for AT-rich 

sequences with a narrow minor groove (Swiercz., 2013).  Chromatin 

immunoprecipitation-sequencing (ChIP-seq) performed on the FLAG-tagged sIHF 

protein would allow us to isolate segments of DNA bound by sIHF.  If these segments 

align to specific sites on the chromosome, it would suggest that sIHF directly influences 
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gene expression by repressing or activating transcription at defined sites.  However, there 

is a greater likelihood that we detect variable sequences with broad coverage of the 

genome, given the apparent non-specificity of sIHF. 

 

3.4.2 Proteomic studies into sIHF and manipulation of its acivity 

Work to date does not exclude the possibility that sIHF has a protein binding 

partner(s).  Co-immunoprecipitation of the sIHF-FLAG protein using anti-FLAG 

antibodies would permit not only the identification of any associated DNA sequences, it 

would also allow us to isolate any proteins that interact with sIHF.  We have begun work 

to test for sIHF interaction with other proteins using a bacterial two-hybrid system in 

which sIHF is bound at the N and C terminus to one component of a protein and a library 

of DNA segments from the S. venezuelae chromosome are bound to the other component 

of a protein.  If sIHF interacts with any protein encoded from the DNA segments in the 

library, then the two fused protein components will be brought together to activate a 

reporter gene.  To date we have not detected any positive hits using this system, however 

it is complicated by the known inability of sIHF to function with fusions at both its N and 

C terminus.  Given the multiple interfaces of sIHF that appear to interact with DNA in 

some capacity, it is somewhat unlikely that it participates in binding interactions with 

other proteins, and these investigations are not our top priority. 

 It has been reported though that sIHF may be the target of acetylase activity, as 

lysine acetylation was detected at position 13 in the sIHF sequence from a proteomic 

analysis (Liao, Xie, Li, Cheng, & Xie, 2014).  Interestingly, this acetylation lies at the 

base of the 13-amino acid N-terminal loop that cannot be resolved by x-ray 

crystallography (Swiercz et al., 2013) but is critical for the DNA binding of sIHF. This 

bears similarities to the N-terminal tails located on the H3 and H4 histones that comprise 

nucleosomes in eukaryotes, as histone tail modifications are known to act as switches that 

can alter the state of the nucleosomes to grant DNA access for transcription 

(euchromatin) or occlude DNA to prevent transcription (heterochromatin) (Grunstein, 

1997).  Probing this interaction may require identification of the acting acetylase and 
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gauging its impact on sIHF binding activity in vitro through EMSAs of acetylase-treated 

and untreated sIHF samples. 

 A greater understanding of sIHF will allow us to exploit the regulatory behaviour 

of sIHF to enhance antibiotic production.  As deleting sIHF leads to altered antibiotic 

production, it would be interesting to determine the effects of sIHF deletion when 

combined with the deletion of other NAP proteins.  The H-NS-like protein Lsr2 has been 

identified in Streptomyces as a repressor protein that binds in the vicinity of biosynthetic 

clusters, and whose deletion results in increased secretion of chloramphenicol in S. 

venezuelae (E. Sherwood, in preparation).  It is likely that Lsr2 affects the local DNA 

topology, and so there is the opportunity for synergistic or antagonistic activity with 

sIHF. 

 Further, we could consider developing strategies to readily inhibit sIHF activity 

across a range of Streptomyces.  As streptomycetes differ in their respective suites of 

biosynthetic clusters, any strategy to enhance antibiotic production would benefit from a 

system that is tractable in most streptomycetes.  Modulating sIHF activity could involve 

one of several approaches: introducing highly-expressed post-translational modifiers of 

sIHF (if any are confirmed); over-expressing sIHF itself; or knocking down sIHF using 

small inhibitory RNAs to bind the sIHF mRNA and ablate its translation.  Manipulating 

sIHF activity has the potential to provide access to the latent reservoir of Streptomyces 

bioactive secondary metabolites. 
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Figure 3.1: sIHF sequence and crystal structure.  S. coelicolor sIHF crystallized in the 

presence of DNA oligonuclelotides (Swiercz et al., 2013).  Targeted mutations to probe 

sIHF activity are indicated by coloured arrows, with the associated amino acids that were 

changed for each mutant construct indicated in the same colours. The ‘Cleft’ mutations 

altered the positive charges along the N-terminal helix, while the ‘INSGly’ mutation 

involved introducing an additional glycine residue into the loop connecting helix 3 and 

helix 4. 
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Figure 3.2: Cluster plots of RNA-seq data from RNA extracted at three timepoints, 

from two independent biological replicates.  S. venezuelae processed RNA-seq 

timepoints sorted by cluster analysis in R, to evaluate the similarity of each replicate (1 or 

2) relative to each sample [wildtype sIHF (sihf) vs ΔsIHF (delsihf)].  Replicates of the 

same sample were expected to sort together.  The red box was used to highlight the data 

set (from the fragmentation phase of development) that was the most reliable, based on 

similarities between individual replicates.  

early-exponential 
phase 

mid-exponential 
phase 

fragmentation 
phase 
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Figure 3.3: Distribution of encoded gene classifications that were 

upregulated/downregulated by sIHF knockout in S. venezuelae.  Genes altered by 

ΔsIHF were grouped by KEGG pathway and Universal Protein (UP) category with the 

assistance of DAVID Huang, 2008). Left: genes upregulated in the sIHF mutant. Right: 

genes downregulated in the sIHF mutant.  
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Figure 3.4: EMSAs using mutant sIHF proteins.  Labelled DNA oligomers alone, or in 

association with increasing concentrations of sIHF protein variants, were separated on a 

polyacrylamide gel.  * denotes the presence of the DNA oligomers alone without sIHF 

and the arrow indicates the shifted position of sIHF in complex with the DNA oligomers.  

 

 

 

 

 

 

 



M.Sc. Thesis – C.D. Firby; McMaster University - Biology 

 

47 
 

 

 

 

 

 

Figure 3.5: Western blotting reveals most sIHF mutant variants are stable in vivo.  S. 

coelicolor ΔsIHF strains transformed with wild type and mutant sIHF variants were 

grown in liquid culture. The cells were collected after 48 h of growth, lysed by sonication 

and soluble proteins were collected by centrifugation. Soluble proteins were separated on 

a 15% SDS-PAGE, and either stained with Coomassie brilliant blue (left), or transferred 

to a PVDF membrane and subjected to western blotting using an sIHF-specific polyclonal 

antibody (right). Extracts corresponding to the different mutant variants are as indicated 

below each panel. NQ and RR: amino acids that were altered. Δ1-13 and Δ1-36: N-

terminal deletion mutants. Cleft: mutant in which positively charged amino acid residues 

in the N-terminal cleft were mutated. Gly: extra amino acid introduced. pSET: plasmid-

alone control. WT: complemented with wild type sIHF. +: purified His-tagged sIHF. No 

signal was detected for Δ1-36 under various conditions across multiple lysis/western 

trials.  

 

 



M.Sc. Thesis – C.D. Firby; McMaster University - Biology 

 

48 
 

 

 

 

Figure 3.6: Spore length measures of the ΔsIHF strain complemented with wild type 

and mutant sIHF variants.  Light microscopy images were processed in FIJI/ImageJ 

using the measure tool. For each strain, the lengths of >300 spores were measured. Boxes 

represent first to third quartile, with middle line showing median (second quartile).  

Whiskers account for 5th to 95th percentile. The blue dashed line represents the wild type 

median value.  

 

 

 

 

 

 



M.Sc. Thesis – C.D. Firby; McMaster University - Biology 

 

49 
 

 

 

 

 

 

Figure 3.7: Nucleoid area measures of sIHF mutant complemented strains. DAPI 

microscopy images were processed in FIJI/ImageJ using the area threshold parsing, with 

>275 spore nucleoids being measured per strain.   Boxes represent first to third quartile, 

with the middle line showing median (second quartile).  Whiskers account for 5th to 95th 

percentile.  
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Figure 3.8: Sporulation and antibiotic production defects associated with the 

different sIHF mutant variants.   Each S. coelicolor sIHF mutant strain was grown on 

SFM agar medium for 4 days at 30ᵒC.   
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Table 3.1: sIHF mutant complementation phenotypes.  ΔsIHF + mutant sIHF genes 

were assessed for sporulation and actinorhodin (Act) production after growth for 96 h on 

solid growth medium.  Spore length and nucleoid size were assessed by brightfield and 

fluorescent microscopy, respectively.   

*Relative to WT 

 

 

Mutation Sporulation Act Spore Length* Nucleoid Size* 

WT + +  n/a n/a 

ΔsIHF - - More varied/increased Increased 

Δ1-13 - - More varied/increased Increased 

Δ1-36 - - More varied/increased Increased 

RR85AS + (delayed) + WT WT 

NQ93SS + (delayed) +  More varied/increased Increased 

Cleft - - More varied/increased Increased 

+Gly66 + (delayed) + WT WT 
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Chapter 4: Regulation of the silent & cryptic NRPS cluster 

SCO6429-SCO6438 in S. coelicolor 

 

4.A ACKNOWLEDGEMENTS 
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4.1 INTRODUCTION 

4.1.1 Activation of specific silent/cryptic antibiotic clusters in Streptomyces 

 Global regulators provide us with an opportunity to influence gene expression 

across the chromosome; however, transcriptional control of individual genetic elements 

can be more complex than a simple on-off switch, with multi-level control being 

employed to fine-tune gene expression (e.g. St-Onge et al., 2015).   

 Many biosynthetic clusters employ pathway-specific regulators that are encoded 

within the cluster they control (Rutledge & Challis, 2015; Takano et al., 2005).  For 

example, the clavulanic acid biosynthetic cluster of Streptomyces clavuligeris is activated 

by the downstream claR gene product (Pérez-Redondo et al., 1998), while the jadomycin 

B cluster in S. venezuelae is activated by the upstream jadR1-encoded regulator, whose 

activity is antagonized by the cluster-localized JadR2 repressor (Yang et al., 1995; Zhang, 

et al., 2013).  Enhancing antibiotic production from such clusters, especially those that 

appear to be transcriptionally silent and whose products are unknown (or cryptic), 

requires an understanding of the regulators that control these operons. 

 Previous work in our lab has established that Crp has binding sites in the 

proximity of eight of the 22 predicted cryptic secondary metabolite clusters in S. 

coelicolor, with binding consensus sequences following a GTG(N)6GNCAC motif (Gao 

et al., 2012).  In fact, induction of crp expression in a Δcrp background resulted in 

activation of numerous clusters, including those directing the production of actinorhodin 

and the yellow cryptic polyketide (yCPK), as well as a cryptic biosynthetic operon: 

SCO6429-SCO6438 (Gao et al., 2012).  However, attempts to detect the product from this 
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cryptic cluster have been unsuccessful, due in part, perhaps to low product formation in a 

background full of other complex metabolites (Dr. Erin Carlson, personal 

communication). 

 

4.1.2 Regulation of the silent SCO6429-6439 biosynthetic cluster in S. coelicolor 

 The SCO6429-SCO6439 operon (Figure 4.1) has syntenic homologues in the very 

closely related species Streptomyces lividans, but is not found in other streptomycetes.  

This cluster is predicted to encode two non-ribosomal peptide synthetases (NRPS, 

SCO6431 and SCO6432) as well as a suite of tailoring enzymes (SCO6433-SCO6438) 

and a possible secretion channel (SCO6430).  The presence of the NRPS genes within this 

cluster has led to the prediction that the operon yields a dipeptide product though it has 

not been detected in S. coelicolor extracts, and RNA-seq data suggest that the cluster is 

not transcriptionally active during growth on solid medium (Figure 4.2).   

 There is a predicted Crp consensus binding site within the first 200 nucleotides of 

the SCO6429 coding sequence (Figures 4.3 and 4.4).  This site was previously identified 

in chromatin immunoprecipitation-DNA microarray (ChIP chip) experiments and 

subsequent microarray data demonstrated that an increase in Crp expression activated 

SCO6429-6431,6433-6434,6436 (Gao et al., 2012).  This presents a unique case: Crp is 

known as both an activator and a repressor, depending upon where it binds within 

promoter regions and whether it can interact with a corepressor (Gerlach et al., 1991; 

Kolb et al., 1993); however, there is nothing known about how it might exert its 

regulatory effects when binding within a gene, as is the case here.   Crp binding sites tend 

to be located no farther than a few hundred nucleotides upstream of its cognate promoter 

and if bound to a corepressor, typically prohibits open complex formation during 

transcriptional activation (Kolb et al., 1993).   The silent nature of the SCO6429 operon 

and the unusual binding site for Crp within this cluster prompted us to investigate the 

ability of Crp to affect SCO6429 expression, and the regulation of the predicted dipeptide 

cluster as a whole. 
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 Given the cryptic nature of the SCO6429-39 cluster, and its unusual Crp-

associated regulation, we sought to probe the regulatory interplay governing the 

expression of this metabolic cluster. Our aims here were threefold: to determine (1) the 

native transcriptional expression from PSCO6429; (2) the regulatory impact of Crp binding 

on cluster expression; and (3) the effect of other regulators on SCO6429 transcription.   

 

4.2 RESULTS 

4.2.1 Utilizing a reporter system to assay promoter activity 

 To evaluate the role of Crp on transcriptional activation at PSCO6429, we decided to 

employ a colorimetric promoter-reporter fusion system in a transgenic strain of S. 

coelicolor that is deficient in all pigmented secondary metabolite production (Δact, Δred, 

Δcpk, Δcda) (Gomez-Escribano & Bibb, 2011). 

 We opted to use a β-glucuronidase enzyme reporter system, in which segments of 

the promoter for SCO6429 (PSCO6429) were cloned upstream of the Streptomyces-

optimized β-glucuronidase (gusA) gene (Myronovskyi et al., 2011).  If the promoter 

segment is transcriptionally active in S. coelicolor, then β-glucuronidase will be 

produced, yielding a blue pigment when exposed to 5-bromo-4-chloro-3-indolyl 

glucuronide (X-gluc), or a yellow pigment when exposed to 4-Nitrophenyl β-D-

glucopyranoside (PNPG).  Measuring absorbance values for each of these compounds 

correlates with transcriptional activity for that promoter segment.  Each promoter 

segment-reporter strain was also further transformed with either an additional empty 

integrative plasmid or a plasmid harboring a crp overexpression construct. 

 We had anticipated seeing activation of the PSCO6429 segment containing the 

intragenic Crp site in the Crp overexpression strain, compared with the control strain. 

However, no obvious difference was detectable between these strains.  As we had 

previously observed upregulation of this cluster following induction of Crp (Gao et al., 

2012), we were prompted to re-evaluate our understanding of this cluster. 
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4.2.2 Detection of a second Crp binding site upstream of the SCO6429-SCO6438 

cluster 

 While examining the nucleotide sequence upstream of SCO6429, we identified a 

second possible Crp binding site located 324 bp upstream of the SCO6429 start codon.  

Interestingly, this site consisted of a GTGA-(N)12-TCAC motif, which was similar to the 

aforementioned GTG-(N)6-GNCAC Crp consensus motif, only with different spacing 

between the palindromic repeats (Figure 4.3).  As this site was positioned in close 

proximity to SCO6429, we hypothesized that this putative Crp binding site may also 

influence transcription at this locus.  Henceforth, this upstream Crp binding site will be 

referred to as C1, while the SCO6429 intragenic site will be referred to as C2. 

 There was no evidence from the previously conducted ChIP-chip experiment that 

Crp binds to our predicted C1 site; however, ChIP-chip is known to be somewhat limited 

in resolution and may miss biologically-relevant binding sites (Park, 2009).  The  

similarity of this upstream sequence to known Crp binding sites was rather striking, 

however, and this prompted us to assess whether it had a role in regulating SCO6429 

transcription. 

 

4.2.3 PSCO6429 reporters were revealed undetectable activity during growth on solid 

media 

 To test the relative contribution made by each putative Crp binding site, four 

different promoter regions were generated, including constructs carrying the C1 site, the 

C2 site, both sites, and neither site (promoter alone). Each of the resulting products were 

cloned upstream of gusA, prior to being introduced into S. coelicolor M1146 (Figure 4.4).  

 The initial screening for SCO6429 promoter activity was performed by growing 

each M1146-pGus:PSCO6429 construct on X-gluc-containing agar plates of various media 

compositions.  A range of rich media types (R5, SFM, Bennett’s, SAM) was used to 

ensure that metabolic pathways could be saturated with the appropriate precursor 

metabolites.  None of the selected metabolite-promoting media resulted in obvious blue 
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pigment formation, suggesting that these different growth conditions were insufficient to 

activate PSCO6429 expression.  

 However, we could not exclude the possibility that PSCO6429 was transcribed at a 

level below the detectable limit for the gusA reporter system during growth on agar 

plates.  Indeed, tight control of PSCO6429 or weak transcription may prevent the native end-

product from reaching production levels that are energetically costly or inhibitory to cell 

development during growth on agar plates.  To explore this possibility, we sought a more 

specific and quantitative analysis of β-glucuronidase activity directed by the different 

PSCO6429 segments. 

 

4.2.4 Upstream and intragenic binding sites for Crp influence PSCO6429 activity 

 A quantitative analysis of PSCO6429 activity was achieved by growing S. coelicolor 

M1146 harboring the pGUS:PSCO6429 constructs in a YEME-TSB liquid medium and 

collecting whole cell lysates.  These lysates were exposed to the β-glucuronidase 

substrate PNPG and the absorbance of light at 420 nm was measured for each sample 

over 4 h.  Reaction rates were proportional to the quantity of enzyme within the lysate 

samples but were also dependent on the degree of cell lysis achieved.  The measured rates 

for each PSCO6429 promoter construct were normalized to the protein concentration of the 

lysates so that we could compare the relative enzyme activity for each sample.  In 

addition, PermE*, a strong, constitutive promoter in Streptomyces M1146 was used as a 

positive control for gusA transcription, while the equivalent empty vector (pGUS)-

containing strain served as a negative control. 

 We harvested samples from these growing strains at 24 h (early exponential), 32 h 

(mid-exponential), 42 h (late exponential/early stationary), and 72 h (mid-stationary).  

Transcriptional activity for PSCO6429 was only detectable at 72 h, suggesting that the native 

activation of transcription was under particularly dense cell growth and nutrient-deprived 

conditions. 
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 At the 72 h timepoint, promoter activity at PSCO6429 was low relative to that of 

PermE*, but was still above the background observed for the empty vector controls.  

Notably, C1-PSCO6429 showed a decrease in promoter activity relative to PSCO6429 alone.   

 We found the inclusion of the intragenic C2 site within the reporter fusion also 

resulted in a modest decrease of reporter activity, while the addition of the upstream C1 

site to either the promoter alone, or in association with the downstream C2 site resulted in 

complete transcriptional inactivation (Figure 4.5A).  The promoter activity with the C1-

PSCO6429 promoter was even lower than the basal transcription from the promoterless gusA 

gene (Figure 4.5A).  This suggested that the presence of the C1 site may repress 

SCO6429 transcription, and that the C2 site may fine-tune PSCO6429 transcription under 

native Crp background conditions. 

 We next sought to investigate the role of Crp binding in the control of SCO6429 

expression by introducing Crp overexpression constructs into our reporter strains, in a bid 

to increase Crp activity.  We then repeated the assay for β-glucuronidase expression.  

Unexpectedly, we observed a 3-fold increase in normalized reaction rates in both the 

negative control (promoterless gusA) and positive control (strong PermE*-gusA) strains 

(Figure 4.5B,C). A similar increase of 2.6-fold was also observed for the PSCO6429 alone 

sample when Crp was overexpressed (Figure 4.5B,C).  This increase in expression across 

these three controls may be consistent with the increase in metabolism expected to result 

from Crp-overexpression.   

 Interestingly, the promoter regions coupled to either the C1 or C2 sites in the Crp 

overexpression background exhibited inverse activity levels relative to those in the native 

background.  Overexpressing Crp in strains containing the C1- PSCO6429 reporter resulted 

in enhanced reporter activity.  In contrast, the strain carrying the PSCO6429 - C2 reporter 

and the Crp overexpression construct showed little detectable expression (Figure 4.5B). 

Overexpressing Crp in the strain bearing both Crp binding sites (C1 - PSCO6429 - C2) 

yielded expression levels intermediate to those of C1 - PSCO6429 and PSCO6429 - C2, 

suggesting that abundant  Crp permitted transcription in the presence of C1, but that this 
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was tempered by some level of transcription attenuation associated with the presence of 

the C2 site.  

 This was particularly notable when examining the fold changes in expression in 

the wild type background compared with the Crp overexpressing strain.  As previously 

mentioned, overexpressing Crp resulted in a 3-fold increase in expression from the 

PSCO6429-gus strain and PermE*-gus control strain (Figure 4.5C).  A 98-fold increase in 

expression occurred with C1 - PSCO6429 when Crp was overexpressed, relative to empty 

vector, while a 120-fold decrease was observed with PSCO6429 - C2, again, relative to 

empty vector (Figure 4.5C).  When both putative Crp binding sites were present, there 

was a 50-fold increase in reporter activity when Crp was overexpressed, relative to the 

empty vector-containing strain (Figure 4.5C).   

 

4.2.5 SCO6439 is a CSD-containing regulator with a potential role in controlling 

SCO6429-38 expression.  

 To bring in an additional level of complexity, we considered the possibility that 

SCO6429, and its associated cluster, may also be controlled by the product of SCO6439, 

which is found immediately downstream of the dipeptide biosynthetic cluster (Figure 

4.1).  SCO6439 was annotated as a putative DNA binding protein-encoded gene with its 

amino acid sequence suggesting the presence of an N-terminal domain with homology to 

DNA or RNA binding cold shock proteins.  Cold shock proteins in eukaryotes have 

variable auxiliary domains following the cold shock domain (CSD), such as the Y-box 

that directs the CSD to a specific target; however, in bacteria, most homologues possess 

only a single CSD, without additional auxiliary domains.  Interestingly, SCO6439 

contains some homology to the Y-box domain of eukaryotic cold shock proteins 

(Chaikam & Karlson, 2010; Lasonderet al., 2002).  SCO6439 is effectively transcribed 

under laboratory growth conditions, as suggested by RNA-seq data from wild type S. 

coelicolor, and thus may have the potential to act as a pathway-specific repressor for the 

SCO6429 operon (Figure 4.2). 
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 To determine the effect of SCO6439 on PSCO6429 expression, we sought to delete 

the gene from the chromosome.  We opted to use CRISPR-Cas9 to delete a 22 bp 

segment within the N-terminally annotated DNA-binding region (Figure 4.6). This 

deletion would also lead to a frameshift mutation in SCO6439.  Interestingly, we were 

unable to generate this deletion in the wildtype S. coelicolor M145 background, although 

we successfully deleted this gene in the M1146 strain. 

 To assess the effect of the SCO6439 mutation on the expression of the SCO6429-

38 operon, each of the reporter constructs from PSCO6429 assays, as well as the construct 

harboring the Crp O/E plasmid or its empty negative control, were introduced into the 

ΔSCO6439 strain by conjugation.   

 Unexpectedly, we observed no promoter activity for any strain apart from the 

PermE* positive control. As the loss of a functional SCO6439 gene appeared to lead to a 

complete abolition of promoter activity for PSCO6429, it would seem that contrary to our 

expectations, SCO6439 may act as an activator, rather than a repressor.  We also tested 

the reporter activity of these different strains on plates in wild type and SCO6439 mutant 

strains, after exposure to a range of temperatures (4ºC, 12ºC, or -20ºC), given the cold-

shock domain associated with SCO6439. We found there was no reporter activity 

detected after exposure to these different cold shocks. 

 

4.3 DISCUSSION  

4.3.1. SCO6429-SCO6438 operon is regulated by Crp 

 Overall, our results suggested that transcription from PSCO6429 was most rigorous in 

the presence of abundant Crp and the C1 binding site, while it was attenuated somewhat 

by the addition of the intragenic C2 site. While we do not have direct evidence for Crp 

binding at C1, we know that it is capable of binding C2, based on our ChIP-chip analyses 

(Gao et al., 2012).  It is possible that Crp is binding to a corepressor at the C2 site to 

repress SCO6429 repression. A similar mechanism has been shown to affect the cdd 

promoter in E. coli, where two tandem Crp binding sites function as antagonistic 

activator/repressors depending on the association of Crp with these sites when in 
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association with the CytR corepressor (Gerlach et al., 1991).  What appears to be multi-

level control of the SCO6429 operon by Crp suggests that sensitive control of this operon 

must be necessary for S. coelicolor viability and/or fitness.   

 It is worth noting that the predicted C1 and C2 Crp binding sites were not identical 

in sequence (Figure 4.3), and it is possible that Crp may have a higher affinity for one of 

the two sites.  It is also conceivable that alternative growth conditions may yield lower 

levels of intracellular cAMP, which may in turn limit the availability of high-affinity 

cAMP-Crp and consequently skew transcription towards a C1-on or C2-off state 

(Süsstrunk et al., 1998).  Additionally, cAMP-Crp bound at C1 may affect the 

transcription of the divergently transcribed SCO6428. 

 

4.3.2 SCO6439 as a putative activator of SCO6429-SCO6438 expression 

 We considered the possibility that additional factors may be influencing the 

expression of SCO6429, and tested the regulatory potential of the downstream-encoded 

SCO6439 regulator.  Deleting the gene failed to activate expression of any of our reporter 

genes, consistent with a role for this protein as a transcriptional activator for this cluster. 

Typically, CSD-containing proteins like SCO6439 are involved in the cold-shock 

response and act as activators (Barria et al., 2016; Chaikam & Karlson, 2010).  These 

regulators comprise the family of CspA-like proteins and bind to DNA and in some cases, 

RNA.  It is thought that CspA, the founding member of this family, recognizes a 

CCAAT-motif within or upstream of its target promoter, with binding increasing 

transcription (Nakashima et al., 1996).  This family of regulators can also exert post-

transcriptional control by binding to mRNAs and stabilizing them in cold temperatures 

(Rennella et al., 2017).  CspA-like proteins also have extended 5′ UTRs in their own 

mRNA, which can act as a thermosensor, whereby the mRNA is only stable in cold 

conditions where the 5′ UTR adopts a structured configuration that effectively occludes 

an RNase cleavage site (Barria et al., 2016). 

 In contrast, SCO6439 does not have an extended 5′ UTR, and in fact, transcription 

appears to start very near to the coding sequence based on RNA-seq data (M. Moody, 
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personal communication).  If the gene and its product do respond to cold stress, then they 

would have to do so through some means other than an associated thermosensor.    

 

4.4 FUTURE DIRECTIONS 

 Here we have preliminary results that suggest Crp plays a role in regulating a 

silent and cryptic biosynthetic cluster.  There is significant progress to be made in 

understanding its regulation such that we can activate cluster expression within S. 

coelicolor, and characterize its associated product. 

 A major unknown at this point is whether the product itself is toxic to 

Streptomyces.  Endogenous toxicity would limit how successful we could be in activating 

cluster expression and activity, and may require us to introduce a conditional promoter in 

situ for further study of its regulation and determination of its product.  

 In the short term, work must be done to confirm our observations that Crp 

overexpression affects transcription of the SCO6429-6438 operon. This can be 

accomplished by making mutations to the Crp binding sites C1 and C2, and conducting 

our reporter assays in the presence and absence of Crp overexpression, to  reveal whether 

the C1 and C2 motifs are specifically necessary for Crp-mediated control of operon gene 

expression to observe the reported fold changes in the presence of abundant Crp.  We 

could complement this work by performing the assays in a Δcrp strain and test whether 

expression is altered by the presence/absence of the C1 and C2 sites.  It would be 

challenging to use mobility shift assays to confirm Crp binding at these sites due to the 

unique isoelectric point of the Streptomyces Crp protein (pI of 5.8) that prohibits 

traditional shifts.   

 Our next steps could also include generating reporter strains harboring a SCO6439 

overexpression construct to further test its function as an activator.  Its overexpression 

may drive higher reporter activity from the SCO6429 promoter, and follow-up 

combinatorial reporter assays with Crp overexpression could elucidate how these 

proteins, both individually and collectively, tune the transcription of SCO6429.  It will 

also be important to validate these studies with RT-qPCR targeting SCO6429 in 
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background strains in the presence and absence of Crp overexpression and/or SCO6439 

overexpression.  These assays would provide us with insight into regulatory interplay 

between Crp and SCO6439 in the control of this cryptic metabolic cluster. 

 If we are successful at activating the cluster, we will endeavour to identify and 

characterize the peptide product and assay it for activity against pathogens, as other 

dipeptides produced by Streptomyces and Bacillus species are known to have 

antimicrobial properties (Boeck, Higgens, & Kastner, n.d.; E. Katz & Demain, 1977). 
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Figure 4.1: SCO6429 operon encoding a predicted dipeptide.  The eleven gene cluster 

from S. coelicolor is predicted to encode a dipeptide compound.  Gene numbers are 

indicated below each gene, and gene colours correspond to in silico predicted gene 

activity as annotated in StrepDB (strepdb.streptomyces.org.uk/). 
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Figure 4.2: RNA-seq reads covering SCO6429-6439.  RNA-seq data obtained from 

pooled timepoints from RNA extracted from S. coelicolor. Blue represents genes/reads 

oriented in the reverse direction, while pink genes/reads indicate genes going in the 

forward direction. 
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Figure 4.3: Crp binding sites C1 and C2 consensus comparison.  All sequences have 

been detected from experimental Crp ChIP-chip microarray data with the exception of 

C1.  Underlined nucleotides matched consensus sequence from previous experiments 

(Gao et al., 2012)   
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Figure 4.4: Summary of the different reporter fusions created to monitor the effect 

of two Crp binding sites on SCO6429 expression. S. coelicolor M1146 overexpressing 

Crp (and its corresponding control strain) was transformed with the integrative vector 

pGus.  pGus harbored the gusA gene, whose expression was driven by segments of the 

SCO6429 promoter region (shown in green). Strains carrying promoter regions capable of 

directing the transcription of gusA will produce β-glucuronidase, which can cleave the 

substrates X-gluc or PNPG to yield a blue or yellow pigment, respectively.  The pigment 

level was then used as a proxy for promoter strength. 
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Figure 4.5: Reporter assays assessing the transcriptional activity of different 

promoter fragments (from Fig. 4.3) of SCO6429. Absorbance measurements at 405 nm 

were used to measure PNPG cleavage/β-glucuronidase production over 4 h at 5 min 

intervals and linear segments of absorbance rate used to calculate ΔA405nm.  Error bars 

indicate standard error.  A) Average ΔA405nm for each promoter segment without Crp 

overexpression (+ empty vector).  B) Average ΔA405nm for each promoter segment with 

Crp overexpression.  C) Fold changes comparing expression levels of empty vector 

(control) and Crp overexpression strains. 
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Figure 4.6: CRISPR-directed mutational strategy for SCO6439.  S. coelicolor 

SCO6439 gene targeted for deletion/frameshift mutation by CRISPR.  Red nucleotides 

represent the 22 bp deleted region (which would also shift the frame of all sequences 

downstream), while green nucleotides mark the protospacer adjacent motif (PAM), 

necessary for promoting Cas9 cleavage.    
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Chapter 5: Induction of antibiotic production in a library of 

actinomycetes 
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5.1 INTRODUCTION 

5.1.1 Antibiotic screenings are limited by metabolome coverage 

Classic strategies for identifying novel pharmaceuticals have involved taking cell 

extracts or purified chemical compounds and evaluating their ability to inhibit the growth 

of bacterial pathogens (Baltz, 2008).  Attempts are then made to purify the compound, 

determine its structure, and analyze it biochemically to identify its cellular target(s).  

Some groups have established libraries of actinobacterial species (including Streptomyces 

and Micromonaspora) known to be productive sources of bioactive molecules (Baltz, 

2008).  These libraries include a wide-range of species and strain isolates, comprising an 

abundance of genetic and metabolic diversity (Brown & Wright, 2016).  High throughput 

strategies involve culturing these strains in micro-fermentation broths, extracting 

metabolites (using e.g. methanol or ethyl acetate solvents), and screening for bioactivity 

against pathogens by measuring inhibition of indicator organisms (Brown & Wright, 

2016; Kinashi et al., 1988). 

However, this strategy is constrained by the metabolites produced during growth 

on/in the selected culture medium.  While different culture medias have been used to 

stimulate antibiotic production, these screenings are plagued by a high rate of rediscovery 

(repeatedly identifying the same antibiotic), and an abundance of metabolic clusters that 
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remain silent and/or cryptic (Elibol, 2004; Ramadhar et al., 2013).  It is inferred that these 

silent clusters are under particularly specific regulatory control, where the conditions for 

activating transcription have not been met, or where the end products are in too low 

abundance to exhibit bioactivity. ‘Mining’ of these silent and cryptic clusters can involve 

a number of different approaches, including predicting their products through 

bioinformatics and attempting to activate their expression in a heterologous host 

(Scherlach & Hertweck, 2009).   

 

5.1.2 Development of a “genetic toolkit” for enhancing antibiotic yield from 

existing Streptomyces libraries 

Our third aim was to leverage our collective knowledge 

of Streptomyces regulation to develop a strategy that could increase antibiotic production 

in a library of streptomycetes. We opted for an integrative plasmid vector that could 

deliver a global antibiotic regulatory gene under the control of a strong promoter. 

Conventional vectors for introducing genetic elements into Streptomyces are stably 

integrated into the chromosome through the use of distinct – and broadly-conserved - attB 

integration sites for the phage φC31 and φBT1 (Combes et al., 2002; Gregory et al., 

2003).  The corresponding plasmid vectors also contain an integrase gene and attP sites 

specific to either φC31 or φBT1.  However, integration of any plasmid into these sites can 

impact secondary metabolism, as the integration sites are within the coding region of 

well-conserved genes.  φC31-vectors integrate into a gene encoding a predicted 

chromosome condensation protein in S. coelicolor (SCO3798), while φBT1-vectors 

integrate into a predicted transmembrane protein-encoding gene (SCO4848).   In order to 

understand whether any new antibiotic production is a result of plasmid integration, or 

overexpression of an antibiotic regulator, it is necessary to generate a plasmid-alone 

negative control strain for comparison with the regulator overexpression strain.   

A prime candidate for enhancing antibiotic production is Crp, which primarily 

functions as an activator of genes in many species and has been implicated in binding 

near promoters of biosynthetic clusters in Streptomyces (Gao et al., 2012).  The 



M.Sc. Thesis – C.D. Firby; McMaster University - Biology 

 

72 
 

overexpression of Crp has also led to enhanced and novel antibiotic production in S. 

coelicolor (Gao et al., 2012).   

We sought to deploy an integrative plasmid vector harboring crp under a strong 

promoter (Crp O/E) through conjugation into a large set of streptomycetes, and then 

screen these for the ability to inhibit the growth of two clinically-relevant pathogens: the 

Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) and the Gram-

negative Pseudomonas aeruginosa (Figure 5.1).   

MRSA is a pathogen that can cause infections of the skin, but is notable for its 

prevalence in infecting the blood and tissues of individuals undergoing surgery 

(Hiramatsu et al., 2001).  It is resistant to the β-lactam class of molecules, making it 

difficult to treat with front-line antibiotics (Hiramatsu et al., 2001).  P. aeruginosa is an 

opportunistic pathogen that primarily affects immunocompromised individuals and those 

with cystic fibrosis (Canton et al., 2000).  It is renowned for its antibiotic resistance, 

which it accomplishes via a variety of means, including: forming impermeable biofilms; 

activating multi-drug efflux pumps; and acquiring mutations in porin-encoding genes 

whose products  facilitate antibiotic transit across the outer membrane (Li et al., 1994; 

Mah et al., 2003; Poole et al., 2011).  Clinical isolates have revealed an abundance of 

drug-resistant P. aeruginosa within hospitals and studies have established a relationship 

between the presence of these bacteria and elevated morbidity of patients (Estrellado et 

al., 2010; Pai et al., 2001). 

Gram-negative pathogens such as P. aeruginosa possess lipopolysaccharides 

(LPS) and glycopeptides in their outer membrane that make it impermeable to many 

antibiotics, including the peptidoglycan-targeting vancomycin (Al-tahhan et al., 2000).  In 

contrast, the Gram-positive cell wall lacks this outer membrane, and instead possesses a 

thick, exposed peptidoglycan layer that can be readily accessed by cell wall-active 

antibiotics (Rice, 2006).  As a result, the available treatments for Gram-negative 

pathogens are more limited, and antibiotics that are effective against Gram-negative 

bacteria also tend to be active against Gram positive bacteria (Al-tahhan et al., 2000; 

Nikaido, 1998).  By targeting MRSA and P. aeruginosa, we can distinguish between 
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antibiotic activity that is Gram-positive specific, Gram-negative specific, and broad-

spectrum (or lethal to all cells).   

Introducing the empty vector and Crp overexpression plasmid to 200 strains from 

the Wright Actinomycete Collection, also known as the ‘WAC library’, were carried out 

previously via high-throughput conjugation, with 48 strains taking up at least one of the 

plasmids.  Here, we generated a complete set of empty vector/Crp overexpression 

constructs for each of the 48 strains, and evaluated the impact of Crp overexpression on 

antibiotic production for each of these.  As the majority of the initial 200 WAC strains did 

not take up the vector, we sought to assess all WAC antibiotic activity (both plasmid-

transformed and naive) against MRSA and P. aeruginosa.  

 

5.2 RESULTS 

5.2.1 Select Streptomyces strains show activity against known pathogens 

  We grew individual colonies of each WAC strain for 4 days on solid Bennett’s 

medium and then overlaid cultures with a thin layer of Bennett’s medium inoculated with 

either MRSA or P. aeruginosa.  After 24 h incubation, secreted antibiotics from select 

WAC strains would yield circular zones of inhibition in the otherwise dense growth of 

each pathogen.  Positive hits were subjected to a second round of testing performed in 

duplicate, using the same conditions.  In the absence of any insertional plasmids, four 

WAC strains demonstrated antibiotic activity against P. aeruginosa while 21 exhibited 

activity against MRSA.  An example of activity against P. aeruginosa is in Figure 5.2. 

The insertion of the empty vector alone was sufficient to stimulate/enhance 

antibiotic activity in four of the WAC strains, specifically against MRSA (Table 5.1). 

Notably, three of these had no detectable antibiotic activity on their own; however, for 

two of these WAC strains, antibiotic activity was abolished when transformed with the 

Crp overexpression plasmid (Table 5.1). This suggested that Crp may somehow attenuate 

the increased antibiotic production resulting from plasmid insertion in these strains. 

Of the 48 strains harboring the integrative plasmids, three of them had newly 

emergent antibiotic production that was correlated with Crp overexpression (Table 5.1).  
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In these cases (modified WAC5514, WAC7779 and WAC8217), the new antibiotic 

activity was specific for MRSA.  WAC5514 and WAC7779 exhibited total clearing 

within their zone of inhibition, suggesting that their new bioactive molecule(s) had 

bactericidal activity.  WAC8217 elicited a zone that was noticeably less dense than the 

surrounding growth, but did not kill MRSA within that region, and thus may indicate 

bacteriostatic activity. 

 

5.2.2 Media conditions have a profound effect on native and Crp-mediated antibiotic 

production 

Growth medium is known to have significant effects on the secondary metabolites 

produced by streptomycetes, and this is expected to hold for strains expressing elevated 

levels of Crp.  Sodium butyrate (Moore et al., 2012), manganese sulfate (Butterworth et 

al., 1979), and sodium citrate (Sánchez et al., 2010)  are known to enhance antibiotic 

production in wild type Streptomyces.  As a result, we sought to determine if alterations 

to media conditions would significantly impact the effect of Crp-overexpression on 

antibiotic production.  Given that we detected only four strains that were capable of 

inhibiting P. aeruginosa growth, we further sought to probe whether the antibiotic 

production by these strains could be enhanced through medium optimization.   

We explored a number of different growth conditions, summarized in Table 5.2. 

We found that the WAC strains with activity against P. aeruginosa in the first set of trials 

did not show any elevated activity following growth under these modified conditions.  

Moreover, experiments using minimal medium were rendered inconclusive due to an 

unexpected response from the P. aeruginosa overlay that turned an opaque blue colour 

and did not show any zone of growth inhibition. 

Among the Crp-overexpression/empty vector strains subjected to either 

manganese sulfate or sodium butyrate exposure, we observed three additional strains 

containing the empty vector alone to have activity against MRSA.  The combination of 

manganese sulfate and sodium butyrate supplementation further resulted in the 

identification of two additional WAC strains overexpressing Crp that gained the ability to 
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inhibit the growth of MRSA.  Neither treatment alone or in combination resulted in any 

additional activity against P. aeruginosa. 

  

5.3 DISCUSSION 

Our process for identifying new or increased antibiotic activity involved growing 

a WAC strain alone, or transformed with either an empty plasmid vector or one from 

which Crp was overexpressed, on solid medium. The resulting colonies were then 

overlaid with a thin agar slice inoculated with the indicator organism of choice as 

described previously.  Any nascent antibiotics made by WAC strains would prevent 

indicator growth immediately adjacent to the colony, and this would result in a zone of 

clearing (of varying sizes and degrees of clarity) around the WAC strain. 

While our integrative vector was able to integrate into approximately one quarter 

of the total strains we attempted to conjugate into, we would ultimately like to expand our 

screen to include a larger pool of WAC strains.  Why the majority of the strains we tested 

were failed to yield stable exconjugants is not clear.  One possibility is that some strains 

may not be conjugation competent, they may lack a suitable φC31 attB site, or they may 

not have been amenable to plasmid DNA uptake under the conditions used for the high-

throughput conjugations were performed. 

The resultant data suggested that of the wild type WAC strains tested, ~10% 

exhibited antibiotic activity against MRSA. In contrast, activity against P. aeruginosa 

was far less common.  This was consistent with the known propensity of Gram-negative 

bacteria to resist antibiotic agents through the endogenous protection provided by their 

outer membranes, and of the particular capacity of P. aeruginosa to tolerate/resist 

antibiotic treatment. 

Our strategy of incorporating a Crp-overexpressing construct into the WAC 

strains in a bid to increase antibiotic production led to the identification of several strains 

exhibiting new antibiotic production.  However, these data also suggest that some strains 

increased their antibiotic production in response to gaining the plasmid vector alone. 

Interestingly, Crp-overexpression attenuated this increase in antibiotic production in 
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several strains.   It is possible that the empty plasmid and the Crp O/E plasmid integrated 

at different places in the chromosome in these strains.  While Streptomyces do contain a 

φC31 site located within a chromosome condensation gene, the actual φC31 sequence 

itself is poorly conserved and the integrative vector used here (pSET152) has been 

observed to integrate occasionally at pseudo-attB sites elsewhere in the chromosome 

(Combes et al., 2002).  The empty vector could thus be integrating into a protein that 

regulates the production of some antibiotic, while the integration of the Crp-O/E plasmid 

is benign.  Alternatively, each plasmid may be integrating into the same site, but the role 

of the condensation protein in these particular WAC species negatively regulates 

antibiotic production.  Insertion of the empty vector into this gene relieves the repression, 

while insertion of Crp-O/E restores repression through an alternate pathway.  Indeed, 

while Crp is known for its capacity to increase antibiotic production, particularly in S. 

coelicolor, we cannot exclude the possibility that it may transcriptionally activate genes 

that inhibit biosynthetic pathways in other streptomycetes. 

The inability of Crp to enhance antibiotic production across a broad host range 

suggests that it may not be an ideal candidate, at least in isolation, for a general genetic 

construct to increase antibiotic production for screening purposes.  It is possible that the 

WAC strains differ in their expression of native Crp.  If there are saturating levels of Crp 

already being produced in a cell, then overexpression of exogenous Crp would not exhibit 

any effect.  These strains may have also lacked adequate levels of cAMP (a co-factor of 

Crp) to sufficiently enhance the activity of Crp in the overexpression strains.  We cannot 

exclude the possibility that the native Crp in each of these species may have a recognition 

site that differs from that of the S. coelicolor Crp, which was the protein being 

overexpressed.  Finally, it is possible that of those WAC strains that could take up our 

plasmid vector, that these strains simply do not make many antibiotics, and may instead 

make other biologically active metabolites.  

It is important to note that the bactericidal and bacteriostatic activities reported 

here are not necessarily of any clinical relevance.  It is conceivable that the molecules 

responsible for conferring this observed activity against MRSA and P. aeruginosa have 
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already been identified.  The bactericidal effects, in particular, may be due to molecules 

that are toxic to all living organisms, which could prove problematic for host cells in 

treating bacterial infections, although may then have potential chemotherapeutic utility. 

5.4 FUTURE DIRECTIONS 

Here we have described our progress in evaluating Crp as a global activator of 

antibiotic production across a broad range of Streptomyces species. Further developments 

stemming directly from this work should focus on the WAC strains that showed activity 

only when Crp-overexpression was present, and the WAC strains that were effective 

against P. aeruginosa.  Those that demonstrated novel antibiotic activity when Crp was 

overexpressed present further evidence of Crp enhancing antibiotic production in another 

streptomycete. This suggests that Crp has utility as an antibiotic stimulatory tool, and 

could be further exploited in an effort to tap into the reservoir of cryptic and silent 

metabolites. 

It would be worth narrowing the type of antibiotic that is associated with this 

activity, by screening extracts against otherwise susceptible bacteria harboring a range of 

resistances to known antibiotics.  If the extracts are still able to kill these resistant 

bacteria, these compounds would be excellent candidates for purification and 

characterization. An effective strategy that could be employed to identify the molecule of 

interest, would be to compare the metabolic profile of empty vector-containing strains, 

with Crp-overexpressing strains using liquid chromatography/mass spectrometry, in 

association with bioassay-based fractionation. For those species for which a chromosome 

sequence is available, it could be useful to perform a bioinformatics analysis to identify 

potential Crp binding sites throughout their chromosomes, and assess their proximity to 

biosynthetic gene clusters.  It is also possible to combine Crp activity modulation with the 

manipulation of another global regulator, with the goal of yielding secondary metabolite 

enhancements in the desired broad host range. 

In addition to Crp, it will be important to identify other regulatory candidates that 

could be used in a plasmid vector to manipulate antibiotic production in Streptomyces.  

Our lab is currently investigating the HN-S-like protein known as Lsr2. Lsr2 acts as a 
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homodimeric putative repressor in Streptomyces and the related Mycobacterium.  

Investigations into Lsr2 have revealed that it binds DNA in the vicinity of biosynthetic 

clusters in S. venezuelae and that it represses the expression of many of these clusters, 

including the one for the well-known chloramphenicol antibiotic.  We predict that 

overexpressing a dominant negative mutant Lsr2 variant may inhibit the activity of Lsr2 

and stimulate antibiotic production in any Streptomyces species of interest.  We are in the 

process of generating such Lsr2 ‘knock-down’ strains using our small WAC library, and 

will be testing these strains for new antibiotic activity. 

Collectively, these experiments will provide further information on how we can 

manipulate Crp, how we can expand our strategies to include other global regulators, and 

how we can ensure that our genetic strategy will be tractable in as many streptomycetes 

as possible. 
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Figure 5.1: Integrating plasmid vector used in overexpressing the antibiotic 

regulator Crp.  WAC strains were transformed with either an empty integrative plasmid 

(pSET152) or plasmid with crp under the control of a strong promoter (PermE*-crp). 
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Figure 5.2: WAC strain antibiotic activity assay.  Image depicts P. aeruginosa 

screened against WAC 7911 (LEFT) and WAC 8452 (RIGHT).  WAC strains were 

grown for 4 days and overlaid with an inoculated thin agar sheet of Bennett’s medium 

and grown an additional 24 hours at 30ᵒC. 
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MRSA P. aeruginosa 

Table 5.1: WAC strains hits for bacterial growth 

inhibition.  WAC strains were transformed with 

either an empty integrative plasmid (pSET152) or 

plasmid with Crp under a strong promoter (PermE*-

crp).  Spores stocks of each strain were spotted on 

agar plates (Bennett’s medium) for 96 h and overlaid 

with a thin agar sheet inoculated with either MRSA or 

P. aeruginosa.  Zones of clearing were measured as 

clear (bacteriocidal, red) or cloudy (bacteriostatic, 

green), or in between (black).  Zones were >3mm in 

size (colony sizes ranged from 4mm to 8mm).  

Dashes indicate strain variants with no hit. 
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Table 5.2: Media types used to enhance antibiotic production in WAC strains, as 

determined by bioassay.  
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Chapter 6: Summary 

6.1 Summary of work to date 

 

Here we describe a multi-faceted approach to understanding and manipulating the 

regulatory systems of the genus Streptomyces. 

We have examined the impact of the proposed DNA cleft binding pocket as well 

as two auxiliary interfaces on sIHF activity by assessing whether it can complement a 

Δsihf phenotype. 

Additionally, we have examined a silent promoter that governs expression of an 

unknown biosynthetic cluster and established that upstream nucleotide sequences and that 

the global regulator Crp may impact expression.  We also have reason to believe that the 

downstream SCO6439 gene may encode a pathway-specific regulatory protein that acts as 

an activator of our cluster. 

Crp was then overexpressed in a range of actinomycetes in order to determine 

whether we could elicit novel bioactive metabolites. 

This work has formed the basis for future investigations into these systems and 

how they may be manipulated in order to improve the coverage of the Streptomyces 

metabolome when screening for new pharmaceuticals. 
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APPENDIX 

 

A1.  Script for processing RNA-seq data (BASH + R) 

#The 12 Fastq files were derived from Illumina sequencing 

#This script will be used to produce Fastqc files for evaluating the quality of each of the 

12 datafiles. 

mkdir sIHF_RNA-seq 

mkdir ~/sIHF_RNA-seq/{Fastqc_quality_Untrimmed,Fastqc_quality_Trimmed} 

#Files of reads uploaded to ~/sIHF_RNA-seq/Fastqc_quality_Trimmed using 

MobaXterm upload command 

#This function FastQC will produce a quality assessment for each of the sequencing read 

files 

/usr/local/fastqc/fastqc T*.fastq 

#This script will trim the reads using Trimmomatic and yield new fastqc results files 

for infile in ~/sIHF_RNA-seq/Fastqc_quality_Untrimmed/T*.fastq 

>do 

>outfile=$infile\_trimout.fastq 

>java -jar /usr/local/trimmomatic/trimmomatic-0.33.jar SE $infile $outfile 

MAXINFO:20:0.2 

>done 

mv ~/sIHF_RNA-seq/Fastqc_quality_Untrimmed/*out*.fastq ~/sIHF_RNA-

seq/Fastqc_quality_Trimmed 

/usr/local/fastqc/fastqc T*.fastq 

#Align single end reads to genome, pulled from NCBI Genbank database using 

Tophat/Bowtie2 

mkdir ~/sIHF_RNA-seq/{reads,mapped,counts,references} 

cd ~/sIHF_RNA-seq/references 

#Pull genomes and annotation file from ncbi GENBANK 
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curl -O 

ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCA_000253235.1_ASM25323v1/GCA_0002532

35.1_ASM25323v1_genomic.fna.gz 

gunzip GCA_000253235.1_ASM25323v1_genomic.fna.gz 

mv GCA_000253235.1_ASM25323v1_genomic.fna 

Streptomyces_venezuelae_ATCC10712.fa 

curl -O 

ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCA_000253235.1_ASM25323v1/GCA_0002532

35.1_ASM25323v1_genomic.gff.gz 

gunzip GCA_000253235.1_ASM25323v1_genomic.gff.gz 

mv GCA_000253235.1_ASM25323v1_genomic.gff 

Streptomyces_venezuelae_ATCC10712.gff 

#remove exon lines from the GFF file, a known issue with this genome build 

sed '/exon/d' Streptomyces_venezuelae_ATCC10712.gff > 

Streptomyces_venezuelae_ATCC10712_EXONREMOVED.gff 

rm –rf Streptomyces_venezuelae_ATCC10712.gff 

#Rename Exon_removed file as the main base name for the genome build 

mv Streptomyces_venezuelae_ATCC10712_EXONREMOVED.gff 

Streptomyces_venezuelae_ATCC10712.gff 

#Build indexing files using Bowtie2-build 

bowtie2-build -f Streptomyces_venezuelae_ATCC10712.fa 

Streptomyces_venezuelae_ATCC10712 

samtools faidx Streptomyces_venezuelae_ATCC10712.fa 

reference=~/sIHF_RNA-seq/references/Streptomyces_venezuelae_ATCC10712 

annotation=~/sIHF_RNA-seq/references/Streptomyces_venezuelae_ATCC10712.gff 

#Map all reads using Bowtie2 

#first create an array for all 12 sequencing files 

samples[1]=T1d1080v1__good_kS1n 

samples[2]=T1d1080v2__good_7ziY 
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samples[3]=T1WTv1__good_sBrb 

samples[4]=T1WTv2__good_6tpN 

samples[5]=T2d1080v1__good_Xc5I 

samples[6]=T2d1080v2__good_i6Uk 

samples[7]=T2WTv1__good_HMG9 

samples[8]=T2WTv2__good_RZ75 

samples[9]=T3d1080v1__good_qIJx 

samples[10]=T3d1080v2__good_8xol 

samples[11]=T3WTv1__good_WGIq 

samples[12]=T3WTv2__good_tV5J 

for i in {1..12} 

do 

sample=${samples[${i}]} 

echo ${sample} 

bowtie2 -p 6 -x ${reference} -U ~/sIHF_RNA-seq/reads/${sample}.fastq_trimout.fastq -

S ~/sIHF_RNA-seq/mapped/${sample}.sam 

done 

#Convert .sam file to .bam files 

for i in {1..12} 

do 

sample=${samples[${i}]} 

echo ${sample} 

samtools view -bS ~/sIHF_RNA-seq/mapped/${sample}.sam > ~/sIHF_RNA-

seq/mapped/${sample}.bam 

done 

#sort bam files by name 

for i in {1..12} 

do 

sample=${samples[${i}]} 
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echo ${sample} 

samtools sort -n ~/sIHF_RNA-seq/mapped/${sample}.bam ${sample}_nsorted.bam 

done 

for i in {1..12} 

do 

sample=${samples[${i}]} 

echo ${sample} 

#Count the number of reads mapping to each feature using HTSeq 

htseq-count --format=bam --stranded=yes --type=gene --idattr=ID --order=name 

~/sIHF_RNA-seq/mapped/${sample}_nsorted.bam ${annotation} > ~/sIHF_RNA-

seq/counts/${sample}.htseq_counts.txt 

done 

#Check count numbers make sense with total # of mapped reads 

for i in {1..12} 

do 

sample=${samples[${i}]}.htseq_counts.txt 

echo ${sample} 

awk '{s+=$2} END{print s}' ~/sIHF_RNA-seq/counts/${sample} 

done 

###################################################### 

Appendix A2 R Script for Statistical analysis 

#Use R-script on HT-seq output in order to process it through DESeq2 

library(DESeq2) 

library("RColorBrewer") 

library("gplots") 

#code below partly adapted from http://dwheelerau.com/2014/02/17/how-to-use-deseq2-

to-analyse-RNA-seq-data/ 

#files at each timepoint renamed to be "sihf" or "delsihf" with replicate number 

###################T1########################### 
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setwd("C:/Users/Chris/Desktop/HTseq_Files/T1") 

library('DESeq2') 

directory <- "C:/Users/Chris/Desktop/HTseq_Files/T1" 

sampleFiles <- grep("sihf",list.files(directory),value=TRUE) 

sampleCondition <- c("delsihf","delsihf","sihf","sihf") 

sampleTable <- data.frame(sampleName=sampleFiles, fileName=sampleFiles, 

condition=sampleCondition) 

ddsHTSeq<-DESeqDataSetFromHTSeqCount(sampleTable=sampleTable, 

directory=directory, design=~condition) 

colData(ddsHTSeq)$condition <- factor(colData(ddsHTSeq)$condition, 

levels=c("sihf","delsihf")) 

dds<-DESeq(ddsHTSeq) 

res<-results(dds) 

#order according to padj value 

res<-res[order(res$padj),] 

head(res) 

#MA plot 

plotMA(dds,ylim=c(-8,8),main="DESeq2") 

#write csv file for export 

write.csv(as.data.frame(res),file="T1_analysis.csv") 

#dispersion of data 

plotDispEsts(dds) 

#variance stabilized transformation of data 

vsd <- varianceStabilizingTransformation(dds, blind=TRUE) 

#variance stabilized effect mapping 

select <- order(rowMeans(counts(dds,normalized=TRUE)),decreasing=TRUE)[1:30] 

hmcol <- colorRampPalette(brewer.pal(9, "GnBu"))(100) 

heatmap.2(counts(dds,normalized=TRUE)[select,], col = hmcol, 

Rowv = FALSE, Colv = FALSE, scale="none", 
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dendrogram="none", trace="none", margin=c(10,6)) 

heatmap.2(assay(vsd)[select,], col = hmcol, 

Rowv = FALSE, Colv = FALSE, scale="none", 

dendrogram="none", trace="none", margin=c(10, 6)) 

# heat map of data sample clustering 

distsRL <- dist(t(assay(vsd))) 

mat <- as.matrix(distsRL) 

rownames(mat) <- colnames(mat) <- with(colData(dds), 

paste(condition,sampleFiles , sep=" : ")) 

hc <- hclust(distsRL) 

heatmap.2(mat, Rowv=as.dendrogram(hc), 

symm=TRUE, trace="none", 

col = rev(hmcol), margin=c(15, 15)) 

#PCA plot of vsd data 

print(plotPCA(vsd, intgroup=c("condition"))) 

###################T2####################### 

setwd("C:/Users/Chris/Desktop/HTseq_Files/T2") 

directory <- "C:/Users/Chris/Desktop/HTseq_Files/T2" 

sampleFiles <- grep("sihf",list.files(directory),value=TRUE) 

sampleCondition <- c("delsihf","delsihf","sihf","sihf") 

sampleTable <- data.frame(sampleName=sampleFiles, fileName=sampleFiles, 

condition=sampleCondition) 

ddsHTSeq<-DESeqDataSetFromHTSeqCount(sampleTable=sampleTable, 

directory=directory, design=~condition) 

colData(ddsHTSeq)$condition <- factor(colData(ddsHTSeq)$condition, 

levels=c("sihf","delsihf")) 

dds<-DESeq(ddsHTSeq) 

res<-results(dds) 

#order according to padj value 
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res<-res[order(res$padj),] 

head(res) 

#MA plot 

plotMA(dds,ylim=c(-8,8),main="DESeq2") 

#write csv file for output 

write.csv(as.data.frame(res),file="T2_analysis.csv") 

#dispersion of data 

plotDispEsts(dds) 

#variance stabilized transformation of data 

vsd <- varianceStabilizingTransformation(dds, blind=TRUE) 

#variance stabilized effect heat maps 

select <- order(rowMeans(counts(dds,normalized=TRUE)),decreasing=TRUE)[1:30] 

hmcol <- colorRampPalette(brewer.pal(9, "GnBu"))(100) 

heatmap.2(counts(dds,normalized=TRUE)[select,], col = hmcol, 

Rowv = FALSE, Colv = FALSE, scale="none", 

dendrogram="none", trace="none", margin=c(10,6)) 

heatmap.2(assay(vsd)[select,], col = hmcol, 

Rowv = FALSE, Colv = FALSE, scale="none", 

dendrogram="none", trace="none", margin=c(10, 6)) 

# heat map of data sample clustering 

distsRL <- dist(t(assay(vsd))) 

mat <- as.matrix(distsRL) 

rownames(mat) <- colnames(mat) <- with(colData(dds), 

paste(condition,sampleFiles , sep=" : ")) 

hc <- hclust(distsRL) 

heatmap.2(mat, Rowv=as.dendrogram(hc), 

symm=TRUE, trace="none", 

col = rev(hmcol), margin=c(15, 15)) 

#PCA plot of vsd data 
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print(plotPCA(vsd, intgroup=c("condition"))) 

###################T3####################### 

setwd("C:/Users/Chris/Desktop/HTseq_Files/T3") 

directory <- "C:/Users/Chris/Desktop/HTseq_Files/T3" 

sampleFiles <- grep("sihf",list.files(directory),value=TRUE) 

sampleCondition <- c("delsihf","delsihf","sihf","sihf") 

sampleTable <- data.frame(sampleName=sampleFiles, fileName=sampleFiles, 

condition=sampleCondition) 

ddsHTSeq<-DESeqDataSetFromHTSeqCount(sampleTable=sampleTable, 

directory=directory, design=~condition) 

colData(ddsHTSeq)$condition <- factor(colData(ddsHTSeq)$condition, 

levels=c("sihf","delsihf")) 

dds<-DESeq(ddsHTSeq) 

res<-results(dds) 

#order according to padj value 

res<-res[order(res$padj),] 

head(res) 

#MA plot 

plotMA(dds,ylim=c(-8,8),main="DESeq2") 

#write csv file 

write.csv(as.data.frame(res),file="T3_analysis.csv") 

#dispersion of data 

plotDispEsts(dds) 

#variance stabilized transformation of data 

vsd <- varianceStabilizingTransformation(dds, blind=TRUE) 

#variance stabilized effect 

select <- order(rowMeans(counts(dds,normalized=TRUE)),decreasing=TRUE)[1:30] 

hmcol <- colorRampPalette(brewer.pal(9, "GnBu"))(100) 

heatmap.2(counts(dds,normalized=TRUE)[select,], col = hmcol, 
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Rowv = FALSE, Colv = FALSE, scale="none", 

dendrogram="none", trace="none", margin=c(10,6)) 

heatmap.2(assay(vsd)[select,], col = hmcol, 

Rowv = FALSE, Colv = FALSE, scale="none", 

dendrogram="none", trace="none", margin=c(10, 6)) 

# heat map of data sample clustering 

distsRL <- dist(t(assay(vsd))) 

mat <- as.matrix(distsRL) 

rownames(mat) <- colnames(mat) <- with(colData(dds), 

paste(condition,sampleFiles , sep=" : ")) 

hc <- hclust(distsRL) 

heatmap.2(mat, Rowv=as.dendrogram(hc), 

symm=TRUE, trace="none", 

col = rev(hmcol), margin=c(15, 15)) 

#PCA plot of vsd data 

print(plotPCA(vsd, intgroup=c("condition"))) 
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A2.  Comparison of RNA-seq processing methods 

 

Function Initial Processing Second Processing 

Read Trimming TrimR Trimmomatic 

Genome database Bowtie Bowtie2 

Mapping/Counting eXpress HTSeq 

Data Analysis DESeq2 DESeq2 
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