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[bookmark: _Toc523837776][bookmark: _Toc1211887]Abstract
Bacillus subtilis and Clostridioides difficile are Gram-positive bacteria that may adapt to unfavourable conditions by forming a dormant spore.  Sporulation involves an asymmetric cell division resulting in a larger mother cell and a smaller forespore. The forespore is later engulfed by the mother cell in a phagocytosis like process. 
Activation of the sporulation pathway is tightly regulated through complex sensor systems, crucial to which are peptides imported into the cell through peptide transport systems belonging to the ATP-binding cassette (ABC) family. Peptides have an important nutritional role as well as the signalling role and B. subtilis has three ABC peptide transporters with overlapping specificity, a dipeptide permease (Dpp) and two oligopeptide permeases (Opp and App). Here the crystal structures of the receptors for two of these transporters OppA and DppE are described revealing unexpectedly that DppE is a murein tripeptide binding protein whilst the OppA structure reveals a tetrapeptide bound whose average electron density closely resembles Ser-Asn-Ser-Ser. 
Crystallographic and peptide binding studies of OppA and AppA from C. difficile have led us to conclude that neither of these proteins is a receptor for peptide transport as previously reported. OppA is more likely to serve as a receptor for the uptake of nickel ions.  
Upon completion of engulfment, a channel is formed between mother cell and forespore at the heart of which is an intercellular interaction between SpoIIIAH and SpoIIQ that has been described structurally. The stoichiometry of this complex in vivo is unknown though models of rings containing 15-24 molecules have been proposed. Here experiments are described to fuse fluorescent reporters to SpoIIQ and SpoIIIAH in order to perform super resolution microscopy to determine the stoichiometry of the complex in live cells for the first time. 
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Chapter 1 [bookmark: _Toc1211893]– Introduction
1.1 [bookmark: _Toc1211894] Endospore forming bacteria
Endospore formation by some bacteria is an important survival mechanism, typically initiated by a reduction in the concentration of available nutrients. Endospores are dormant non-reproductive structures formed typically following an asymmetric cell division event followed by the engulfment of one compartment by the other to create a “cell within a cell” which gives rise to the term endospore. The engulfed compartment follows a programme of morphological and gene expression changes resulting in the formation of an extremely hardy structure that is able to lie dormant and is resistant to environmental stressors which vegetative cells would not be able to survive such as ultraviolet radiation, desiccation and chemical disinfectants. Several Gram-positive bacteria are able to form endospores including several Bacillus and Clostridia species.
Formation of endospores occurs during a process called sporulation. When a spore forming bacterium detects deteriorating environmental conditions, such as nutrient limitation, the sporulation pathway is activated [1]. First, the DNA is replicated before an asymmetric cell division occurs. The larger of the resulting compartments is known as the mother cell and the other is called the prespore or forespore and both show differential gene expression [2] orchestrated by a series of compartment specific RNA polymerase sigma factors. The forespore is then engulfed by the mother cell in a phagocytic like mechanism [3]. The forespore then undergoes development involving the synthesis and accumulation of dipicolinic acid into its core. The core, which is dehydrated, contains a copy of the bacterium’s DNA, ribosomes and a series of small acid-soluble spore proteins (SASPs) which confer resistance to UV radiation, heat and peroxides [4]. Dipicolinic acid forms a complex with calcium ions which is able to bind free water molecules thereby causing dehydration of the spore to increase its heat resistance [5]. Dipicolinic acid-calcium complex is also able to bind between DNA bases to increase the thermal stability of DNA in the core of the spore. After core formation, a layer of peptidoglycan is remodelled around the core to form a cortex [6]. A protein coat is then added before the mother cell lyses leading to release of the spore into the environment. 
[image: ]
[bookmark: _Toc1212041]Figure 1‑1. Electron microscopy images of Bacillus subtilis
Left: Electron microscopy image of vegetative B. subtilis cells [7]
Right: Electron microscopy image of B. subtilis spore [8].

Spores are considerably more resistant than their vegetative precursors showing increased heat tolerance as well as tolerance to chemical destruction by common household disinfectants for extended periods of time. Endospores can survive irradiation and prolonged exposure to sterilising alkylating agents as well as prolonged exposure to ionising radiation. Spores can lie dormant for extended periods of time and are typically found in soil and water. There is evidence to suggest that some spores may be viable after many centuries or indeed millions of years. 
When favourable conditions for growth are restored, the spore is able to return back to the vegetative cell state through germination and outgrowth [9]. Spores, though metabolically dormant, are able to sense germination factors, such as sugars and amino acids which reactivate the spore. Reactivation often involves swelling of the endospore by rehydration and rupture of the spore coat. Outgrowth follows germination whereby the core of the endospore continues to swell and begin protein synthesis resulting in a new vegetative cell. 
Spores play an important role in health and disease with several spore-forming bacteria capable of causing infection in humans. Notable examples include, Bacillus anthracis, Bacillus cereus and Clostridium difficile which was recently reclassified as Clostridioides difficile [10]. C. difficile is one of the leading causes of hospital-acquired infection [11]. B. cereus is a food borne disease-causing agent often associated with improper cooking procedures for foods such as rice [12]. B. anthracis, is the anthrax disease causing agent which commonly infects livestock but is also able to cause disease in humans. As B. anthracis spores are highly resistant to heat, drying and disinfectants and able to infect humans, the organism has previously been used as a biological weapon [13]. In contrast to B. anthracis and B. cereus, the model organism Bacillus subtilis is not a threat to human or animal health and has been widely studied to understand the genomic and molecular changes associated with spore formation. B. subtilis can be grown in the laboratory under a range of conditions. When grown in a rich medium like LB which contains tryptone and yeast extract, B. subtilis does not form spores where as in minimal media such as Difco Sporulation Medium, spores will form. 
1.2 [bookmark: _Toc1211895]Bacillus subtilis life cycle
B. subtilis is a soil dwelling Gram-positive, aerobic, rod shaped bacterium. During vegetative growth, B. subtilis divides symmetrically to form two identical daughter cells by binary fission. Sporulation in B. subtilis follows an asymmetric cell division, typical of many spore forming bacteria, Figure 1‑2. 

[image: ]
[bookmark: _Ref519678422][bookmark: _Toc1212042]Figure 1‑2. Schematic representation of the life cycle of Bacillus subtilis. 
Vegetative growth is represented in the left hand cycle. Vegetative growth occurs through medial cell division resulting in two identical daughter cells. The right hand cycle shows the sporulation pathway starting with growth in unfavourable conditions before progressing to asymmetric cell division, forespore engulfment and spore development before the mother cell lyses releasing the dormant spore into the environment. The dormant spore can then return to vegetative growth through a process known as germination.  

Spore formation in B. subtilis has been extensively studied and can be categorised in eight stages from Stage 0 to Stage VII [14]. At Stage 0, the chromosome has been replicated but no clear morphological features of sporulation are present. During Stage I, the origins of replication of the two chromosomes migrate to the poles of the cell where they are anchored, meanwhile a persistent Z-ring forms at one cell pole. This gives rise to the formation of an asymmetric septum and an asymmetric cell division giving rise to a larger mother cell and a smaller forespore at Stage II. This forespore is completely engulfed by the mother cell in Stage III through a phagocytic like membrane migration event. After engulfment, the spore undergoes cortex development in Stage IV before spore coat formation in Stage V. Stages VI and VII see the fully developed spore released into the environment by lysis of the mother cell. The whole sporulation pathway takes approximately 8 hours from initiation to spore release. Though the classical stage classification is widely used, modern biochemical techniques have shown that in reality, stages often overlap with each other rather than being distinct entities. 
Subsequently in this introduction, the stages of sporulation will be explored in detail. 
1.3 [bookmark: _Toc1211896]Sporulation Stage 0 - sporulation initiation in Bacillus subtilis
The decision to convert from vegetative growth to the sporulation pathway is tightly regulated in B. subtilis. The entry into sporulation is controlled by the global transcriptional regulator Spo0A [15,16], which becomes phosphorylated during starvation. Sporulation is energy intensive due to the significant amount of protein synthesis involved. This decision to sporulate once made is irreversible. Thus before making the commitment to spore formation, the cell monitors multiple, environmental, metabolic and cell cycle cues and feeds the information derived by multiple sensors into a complex phosphorelay system, Figure 1‑3. The phosphorelay involved in sporulation initiation is an example of a two component system. These systems play important roles in sensing the environment in bacteria and are typically composed of a response regulator and a sensor histidine kinase. The histidine kinase is the sensor in the system becoming auto-phosphorylated in response to specific changes in the extracellular environment. The phosphate group is covalently attached to a specific histidine residue on the kinase before being transferred to an aspartate group on the response regulator. This typically induces a conformational change in the response regulator allowing the effector domain of the response regulator to become active and cause the cellular response, typically by stimulating or repressing the expression of target genes. 
In the B. subtilis sporulation pathway the histidine kinases KinC and KinD are membrane bound, KinA, and KinE are cytosolic histidine kinases. These kinases become auto-phosphorylated when they detect as yet unknown ligands signalling limited nutrient availability [17]. When phosphorylated, the histidine kinases transfer their phosphate to the phosphotransferase Spo0F that subsequently transfers the phosphate to another phosphotransferase, Spo0B. Spo0B transfers the phosphate to the global transcriptional regulator Spo0A. Accumulation of phosphorylated Spo0A activates sporulation specific genes, leading to spore formation.
Spo0F-phosphate may be dephosphorylated by several members of the Rap phosphatase family, notably RapA, B, E and H [18]. Dephosphorylation of Spo0F in this way delays sporulation and allows for the possibility of genes involved in growth and competence to be activated. Rap phosphatases are regulated by their cognate Phr peptides, genes encoding which are co-located on the chromosome and co-transcribed [18,19]. Phr peptides are approximately 40 amino acids long and have features typical of secreted peptides. Typically these proteins have a hydrophobic N-terminal signal peptide sequence followed by a hydrophilic C-terminal region. PhrA and PhrE are 44 amino acid proteins which are secreted from the cell into the extracellular environment by the Sec apparatus undergoing proteolytic cleavage in the process resulting in a 19 amino acid peptide. When released into the environment, the peptides may undergo further cleavage before they are reimported into the cell through ABC peptide transporters that have been genetically characterised as being associated with the classical spo0K mutation [20,21]. It is believed that the reimported peptides are formed of five amino acids with sequence derived from the C-terminal domain of the peptide. Studies of spo0K led ultimately to two oligopeptide permeases, the Opp system and the App system [22]. The laboratory 168 strain of B. subtilis harbours a null mutation in app. When re-imported, the Phr pentapeptides bind to their cognate Rap phosphatase inducing conformational change [19] and rendering the phosphatase inactive allowing accumulation of Spo0F-phosphate, which subsequently transfers the phosphate group to Spo0A. Another phosphatase, Spo0E [23], is able to dephosphorylate Spo0A-phosphate directly as further regulation of sporulation initiation. 
[image: ]
[bookmark: _Ref519678438][bookmark: _Toc1212043]Figure 1‑3. Schematic representation of the phosphorelay involved in sporulation initiation in Bacillus subtilis. 
Expression of the Rap phosphatase and cognate Phr peptide is driven by binding of ComA-phosphate to the promoter region. ComA and ComP form part of a two component sensor kinase which detects the competence pheromone ComX. The Phr peptide is then exported from the cell through the Sec apparatus and subject to proteolytic cleavage before re-import through a peptide permease. The imported Phr peptide then inhibits its cognate Rap phosphatase causing an increase in the concentration of Spo0F-phosphate. Spo0F is phosphorylated by one or more of a series of histidine kinases which form part of a non-canonical two component system where Spo0F is the response regulator with four histidine kinases. Spo0F-phosphate then transfers the phosphate through the phosphorelay to the intermediate Spo0B which in turn transfers the phosphate to the global transcriptional regulator Spo0A. 

1.3.1 [bookmark: _Toc1211897]ABC peptide transport in Bacillus subtilis 
Bacillus subtilis has three so far characterised peptide-specific ATP binding cassette transporters, or ABC transporters [24] known as Opp, App and Dpp. Opp is the oligopeptide permease, Dpp is the dipeptide permease [25] and App is known as another peptide permease. Typically, ABC transporters are formed of three components: a solute binding protein, a membrane channel and an intracellular ATPase, Figure 1‑4. The solute binding protein is a high-affinity extra-cytoplasmic protein which in Gram-positive bacteria is anchored to the membrane by a lipid attached to an N-terminal cysteine. The solute binding protein confers specificity of the whole system by binding substrates with high affinity before delivering them to the membrane components for translocation to the cytoplasm. Typically, the solute binding proteins are formed of two globular domains connected by a linker domain giving rise to an inter-domain cleft which forms the binding pocket. Ligand binding causes a conformational change in the protein resulting in the ligand becoming completely enclosed by the protein in a “Venus-fly trap” like manner [26]. The membrane channel is formed of two proteins, each typically containing six membrane-spanning helices which have both a cytoplasmic and extra-cytoplasmic face. Nucleotide binding proteins are located intracellularly though membrane associated and hydrolyse ATP during transport of the substrate through the membrane and into the cytoplasm [27]. 
Usually, genes encoding ABC transport systems are arranged on the chromosome in operons though genes encoding substrate binding proteins can be found in prokaryotic genomes unlinked to membrane channels or ATPases. These binding proteins are known as orphan substrate binding proteins. B. subtilis has three ABC peptide transporter operons, opp, app and dpp [27]. 
[image: ]
[bookmark: _Ref519678468][bookmark: _Toc1212044]Figure 1‑4. Schematic representation of the three characterised ABC peptide transporters of B. subtilis.
N-terminal lipid anchors are represented by black lines from the extracellular solute binding protein to the membrane. 

The spo0K mutation results in a marked sporulation deficit whereby the cells are unable to form spores. It was shown that the spo0K defect could be attributed to a peptide transport system which was named Opp. Experiments were performed using toxic peptide analogues that suggested that the Opp operon was involved in peptide uptake [28]. The opp operon is homologous to other oligopeptide binding transport systems such as the Opp systems of Salmonella typhimurium and Lactococcus lactis. The opp operon is arranged as oppABCDF with oppA encoding the solute binding protein, oppB and oppC encoding the membrane channel, oppD and oppF encoding ATPases. Mutation of opp results in a Stage 0 sporulation defect whereby the cells have reduced sporulation efficiency [20]. BsuOppA, the solute binding protein of the Opp operon, has been shown in previous intrinsic protein fluorescence studies to bind tri and tetrapetides, specifically Arg-Gly-Gly, Gly-Leu-Gly-Leu and Ser-Leu-Ser-Gln-Ser but not longer peptides such as Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg [29]. This is in contrast to L. lactis OppA which is capable of binding longer peptides up to 35 amino acids long [30,31].
The dpp operon was first identified as the dciA operon and was believed to encode a dipeptide transport system that was transcribed after induction of sporulation [32]. The operon is transcribed at low levels during vegetative growth but is transcribed at higher levels after induction of sporulation. A null mutant of the solute binding protein, DppE, was shown to abolish the ability of a proline auxotroph to grow in a medium containing a proline-glycine dipeptide as the sole source of proline. The mutant was also unable to utilise a proline-glycine-glycine tripeptide as sole source of proline [25]. The dpp operon is arranged as dppABCDE with dppE encoding the solute binding protein, dppB and dppC encoding the membrane channel and dppD encoding the ATPase. Interestingly, dppA encodes a D-alanyl-aminopeptidase.  
Repression of the dpp operon during vegetative growth is controlled by a protein known as CodY [33] (control of dpp). CodY is a repressor of early stationary phase genes; principally regulated by branched chain amino acids such as leucine, isoleucine and valine. CodY is also regulated by GTP where high concentrations of GTP activates CodY as a repressor [34]. During nutrient limitation, the concentration of GTP drops and CodY loses its capacity to repress leading to transcription of genes previously repressed by CodY. CodY regulates the activities of many genes, including those encoding the Rap phosphatases RapA, RapC, and the app operon [35,36]. 
The third ABC peptide transport system in B. subtilis is the App system which is known as another peptide permease. This was the last system identified as it is mutated in the 168 laboratory strain rendering the transporter inactive. The app operon is arranged as appDFABC with encoding as the opp operon. AppA, the solute binding protein in the app operon in B. subtilis is non-functional in the laboratory strain as a result of a frameshift mutation. The crystal structure of AppA was solved by Levdikov et al [37] and was found to co-purify with a nine amino acid residue peptide in the binding pocket which was modelled as Val-Asp-Ser-Lys-Asn-Thr-Ser-Ser-Trp. Solute binding proteins often co-purify with their ligands due to their high affinity and the fact that the proteins are maintained at high concentration during purification. Other peptide binding protein structures have been solved with co-purified ligands such as the OppA from Salmonella typhimurium, which co-purified with a tetrapeptide modelled as Val-Lys-Pro-Gly [38]. BsuAppA has also been shown to bind the nonapeptide Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg [29]. 
1.4 [bookmark: _Toc1211898]Sporulation Stage I – Axial filamentation 
After the initiation of sporulation, sporulation specific genes become activated. Before asymmetric division, the cell must ensure that it has completely replicated the genome and that the daughter chromosomes are segregating correctly before septum formation. This is achieved through several proteins including RacA [39], DivIVA [40], SirA [41], DnaA and Spo0A-phosphate. 
Entry into the sporulation pathway is restricted to periods between chromosome replication through the action of SirA, which interacts with DnaA to inhibit its binding to the origin of replication and prevent further DNA replication [41]. Hence, there must be two copies of the chromosome in the cell before sporulation can be initiated. SirA expression is controlled by Spo0A-phosphate, thus its action to prevent DNA replication is repressed during vegetative growth. Spo0A-phosphate is also capable of binding close to the origin of replication to prevent replication of DNA during sporulation. 
In order to form a septum, the two copies of the chromosome must be properly segregated. The chromosomes form a condensed serpentine-like structure called the axial filament which spans the length of the cell. Segregation is mediated through RacA which binds to the origin of replication [39] and localises to the cell pole through interaction with DivIVA which recognises negatively curved membranes. By segregating the origins of replication, and preventing further DNA replication, the cell ensures that both resulting compartments after asymmetric septation each receive one copy of the chromosome. 
1.5 [bookmark: _Toc1211899]Sporulation Stage II – Asymmetric septation
A hallmark of sporulation is the formation of an asymmetric septum which involves FtsZ [42,43] and SpoIIE [44]. An increase in the concentration of FtsZ, coupled with expression of SpoIIE, results in the formation of a polar septum rather than a vegetative medial septum [45]. Formation of this polar septum results in only around 30% of the forespore copy of the genome residing in the forespore [46]. The remaining portion of the chromosome is pumped into the forespore compartment by SpoIIIE, a DNA translocase [47]. Differential gene expression is achieved through compartment specific RNA polymerase sigma (σ) factors. Different sigma factors become active during sporulation in a process known as sigma factor switching. 
The first forespore-specific sigma factor, σF, is activated after completion of the asymmetric cell division [48]. This sigma factor is produced in the pre-divisional cell but is held in an inactive state by SpoIIAB, an anti-sigma factor. To become active, SpoIIE dephosphorylates SpoIIAA-phosphate which is then able to sequester SpoIIAB allowing σF to become active in the forespore. The first mother cell specific sigma factor to become activated after asymmetric septation is σE. Like σF, σE is expressed prior to asymmetric septation as an inactive precursor (pro-σE) which is proteolytically cleaved by SpoIIGA [49] to become active in the mother cell. SpoIIGA must also be activated before it can cleave pro-σE by association with SpoIIR, which induces a conformational change in SpoIIGA [50]. 
1.6 [bookmark: _Toc1211900]Sporulation Stage III – Engulfment 
After asymmetric cell division, a process akin to eukaryotic phagocytosis occurs whereby the mother cell engulfs the newly formed forespore to give a “cell within a cell”, Figure 1‑6. This follows the activation of the mother cell specific sigma factor, σE. Active σE enables the expression of proteins required for engulfment such as SpoIID, SpoIIP and SpoIIM. To enable engulfment, the peptidoglycan layer between the mother cell and forespore must be remodelled [51,52]. Peptidoglycan is a rigid polymer which undergoes peptide crosslinking with other monomers as well as transglycosylation to form a complex mesh like structure, Figure 1‑5. 
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[bookmark: _Ref523230958][bookmark: _Toc1212045]Figure 1‑5. Peptidoglycan structure in B. subtilis.
Repeating units of N-acetylglucosamine, N-acetylmuramic acid and pentapeptide cross-link. Cross-linking between peptide chains is achieved through the carboxyl terminal of D-Ala and mDAP side chain. Figure created in ChemDraw. 

Remodelling is achieved through the SpoIIDPM complex. SpoIID is a cell wall hydrolase which hydrolyses the glycosidic bonds between the layers of peptidoglycan, SpoIIP has both amidase and endopeptidase activity. SpoIIM is required for SpoIIP recruitment to the membrane. SpoIIM has five transmembrane segments and is localised to the mother cell membrane. The SpoIIDPM complex does not completely remove the peptidoglycan layer between the mother cell and forespore rather it leaves behind a thin layer. Thinning of the peptidoglycan layer allows the mother cell membrane to migrate around the forespore, however, there is evidence to suggest that the membrane migration also requires the laying down of new peptidoglycan. SpoVD, a transpeptidase, is a mother cell produced protein under σE control that localises to the septal membrane and is believed to be involved in new peptidoglycan synthesis during sporulation [6]. 
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[bookmark: _Ref519678488][bookmark: _Toc1212046]Figure 1‑6. Schematic representation of engulfment during spore formation in B. subtilis
1. Following asymmetric cell division, two compartments are formed. The larger of the two is the mother cell, the smaller is the forespore. 2. The mother cell begins to engulf the forespore by a process of membrane migration powered by the SpoIIDPM complex. 3. The forespore is almost completely engulfed, the final process requires membrane fission to pinch off and release the forespore. 4. The forespore is completely engulfed and surrounded by two membranes. Light grey surrounding cells is representative of peptidoglycan layer. 

As well as the SpoIIDPM complex, a further protein complex is required for engulfment of the forespore, the SpoIIQ-SpoIIIAH complex [3]. SpoIIQ is a forespore protein under the control of σF while SpoIIIAH is expressed in the mother cell under the control of σE. Both proteins have a single N-terminal transmembrane helix which anchors the protein into its respective membrane allowing the C-terminal domains to interact with each other in the intermembrane space between the mother cell and the forespore [53,54]. SpoIIIAH is the eighth protein expressed in the spoIIIAA-AH operon. SpoIIIAA has been described as a protease that also has an ATPase domain. SpoIIIAB-AH resemble components of a type III secretion system. SpoIIQ is not part of an operon.
SpoIIIAH has a YscJ/FliF like domain. YscJ/FliF form large multimeric rings in type III secretion systems and flagellae [55,56]. YscJ forms the scaffold for large ring systems in Gram negative bacteria. FliF forms the basis of the flagella motor which also forms large multimeric rings. SpoIIQ has an inactive LytM domain in its C-terminal domain. LytM in Escherichia coli is an amidase which cleaves peptidoglycan. SpoIIQ has an inactive LytM domain due to a histidine 119 to serine variation in a residue that would otherwise coordinate a zinc co-factor. It also has serine in place of a catalytic histidine at position 159. With SpoIIIAH sharing similarity to multimeric ring forming proteins, it was proposed that SpoIIQ and SpoIIIAH form a channel in vivo which was later proposed to act as a “feeding tube” [53,55]. The channel hypothesis was supported by in vivo biotinylation assays whereby SpoIIIAH had a biotin acceptor peptide (BAP) fused to its C-terminus and the E. coli biotin ligase BirA was expressed in the forespore cytoplasm under the control of the SpoIIQ promoter, PspoIIQ. The forespore produced BirA was able to specifically biotinylate the mother cell expressed BAP tagged SpoIIIAH indicating that the C-terminal domain of SpoIIIAH is accessible to the forespore cytoplasm suggesting the presence of channel connecting the two compartments. 
It is believed that this channel is able to provide the developing forespore with access to nutrients such as amino acids during spore development. However, the exact molecules transported through the channel are unknown. 
Both SpoIIIAH and SpoIIQ are required for the activation of the forespore specific sigma factor, σG. The gene encoding σG is under the control of the forespore specific sigma factor σF but is active only after the completion of engulfment [57]. 
It is believed that SpoIIQ and SpoIIIAH interact in a zipper like fashion whereby the complex between Q and AH allows membrane migration in the forward direction but significantly restricts reverse movement. Fluorescent labelling of SpoIIQ and SpoIIIAH has shown that SpoIIQ is present soon after the formation of the asymmetric septum in the forespore membrane [58]. SpoIIIAH is produced in the mother cell and is inserted into the mother cell membrane before tracking to the mother cell side of the asymmetric septum where the majority of the fluorescent signal is observed [54]. Figure 1‑7 shows the localisation of SpoIIQ and SpoIIIAH based on the fluorescent labelling of the proteins. 
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[bookmark: _Ref523314856][bookmark: _Toc1212047]Figure 1‑7. Localisation pattern of SpoIIQ and SpoIIIAH
Upper:  labelled SpoIIQ images from [58] show localisation to the forespore membrane.
Middle: Labelled SpoIIIAH images from [54] show localisation to the mother cell membrane principally around the forespore.
Lower: schematic representation of the localisation of SpoIIQ and SpoIIIAH.  
The crystal structure of a complex of the extracellular C-terminal domains of SpoIIQ and SpoIIIAH was solved in 2012 by two groups [59,60], both structures can be closely overlaid with rmsΔ of 1.78 Å over 236 α carbons, Figure 1‑8. Given the similarity of SpoIIIAH to YscJ/FliF and that SpoIIQ and SpoIIIAH are believed to form a channel, both groups attempted to model a channel. Levdikov et al suggested a channel could be formed of 12 SpoIIIAH chains and 12 SpoIIQ chains with a lumen of 58 Å. Meisner et al modelled a SpoIIIAH/SpoIIQ ring containing 15 chains of each protein with a lumen of 82 Å. Meisner et al also suggested the possibility of a channel formed from 18 subunits with a lumen of 116 Å. 
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[bookmark: _Ref519678513][bookmark: _Toc1212048]Figure 1‑8. SpoIIQ-SpoIIIAH channel representation and crystal structures
Upper: Schematic representation of SpoIIQ-SpoIIIAA-AH channel. SpoIIQ is connected to the forespore membrane by a disordered 30 residue linker and a single transmembrane helix. SpoIIIAH and SpoIIIAG are connected by 65 and 45 residue linkers respectively and both also have a single transmembrane helix. SpoIIIAF has two N-terminal transmembrane helices and a globular C-terminal domain which features a ring binding motif [61]. SpoIIIAE contains 7 predicted transmembrane helices, SpoIIIAD contains 4 transmembrane helices and SpoIIIAC contains 2 transmembrane helices. SpoIIIAB has a soluble domain between two transmembrane helices which is comprised of an anti-parallel bundle of six helices [62]. SpoIIIAA closely resembles an AAA protease. Figure created in CorelDraw.
Middle: Crystal structures of SpoIIQ and SpoIIIAH. Gold and light blue 3tuf, light gold and dark blue 3uz0. Figure created in CCP4MG. 
Lower: Crystal structure of SpoIIQ and SpoIIIAH (3tuf) with electrostatic surface calculated.

Recently, the structure of SpoIIIAG was solved by cryo-electron microscopy to approximately 3.5 Å resolution [63]. This structure shows a 30-mer ring complex formation with a protruding β-barrel, which would insert into the SpoIIIAH ring. The authors suggest that their 30-mer SpoIIIAG ring would correlate best with a 15-mer SpoIIIAH/SpoIIQ ring.

As engulfment nears completion, the advancing mother cell membrane must undergo membrane fission. This results in the release of the forespore into the mother cell cytosol. The forespore is surrounded at this point by two membranes with a peptidoglycan layer separating the two membranes. It is believed that the protein FisB [64,65] mediates the membrane fission event at the end of engulfment. FisB is a mother cell expressed protein under the control of σE and is believed to localise to the leading edge of the membrane and interacts with cardiolipin (a phospholipid) which is enriched on the leading edge of the membrane. This destabilises the membranes leading to membrane scission. 
Finally, the late stage sporulation mother cell specific sigma factor σK becomes active. Like σE, σK is produced as an inactive precursor and must be cleaved by the protease SpoIVFB [66]. SpoIVFB is held in an inactive complex with SpoIVFA and BofA, which becomes active by the action of the σG activated SpoIVB which cleaves SpoIVFA releasing SpoIVFB [67]. 
1.7 [bookmark: _Toc1211901]Sporulation Stage IV-V – Cortex and coat assembly 
After engulfment, the forespore is completely enclosed within the mother cell which protects it from the environment during cortex and coat assembly. The coat and cortex are two distinct layers added to the developing forespore to give the spore its environmental resistance [68]. The cortex is a layer of specialised peptidoglycan distinct from vegetative peptidoglycan as a consequence of the decreased frequency of transpeptidation between glycan chains and the presence of muramic lactam instead of muramic acid [69,70]. The cortex confers on the spore protection against heat and desiccation. It has been proposed that the lower degree of crosslinking allows the spore to expand and contract in response to environmental stimuli without germinating. 
The spore coat is a complex of roughly 70 proteins which assembles around the cortex and also provides resistance to environmental changes [68]. The coat is formed of four distinct layers, the basement layer, inner coat, outer coat and the crust [71]. One of the first proteins to assemble as part of the coat is SpoVM which is produced by the mother cell under σE control. SpoVM is a small protein (26 amino acid residues) forming a single helix and tethers SpoIVA to the forespore membrane [72,73]. SpoIVA is also a mother cell produced protein under σE control and forms the base layer of the spore coat by polymerising in an ATP dependent manner. Other coat proteins include CotE which forms part of the outer coat and CotZ and CotY which form part of the crust [74]. 
Coat and cortex development are linked through SpoVM and SpoIVA, without either of these proteins the coat and cortex do not form. It is believed that CmpA interacts with SpoVM, degradation of CmpA allows the formation of spore cortex. CmpA appears to delay the formation of the spore cortex until the coat formation has been initiated by polymerisation of SpoIVA [75]. 
1.8 [bookmark: _Toc1211902]Sporulation Stage VI-VII – Mother cell lysis and spore release
Stage VI of sporulation is referred to as the maturation stage. In this stage, the chromosome in the forespore condenses to form a toroidal structure and the final parts of the spore coat are assembled. A large quantity of dipicolinic acid (DPA) is transported into the forespore from the mother cell dehydrating the forespore. Proteins required for future spore germination are also produced as well as proteins involved in DNA protection such as the small acid soluble proteins (SASPs) [76]. 
Stage VII sees the mother cell lyse, releasing the dormant and highly resistant spore into the environment. Lysis occurs following detachment of the spore from the cell pole which allows it to migrate to the cell mid-point. The cytoplasmic membrane then ruptures and the cell wall amidases CwlC and CwlH lyse the mother cell wall [77]. CwlC and CwlH are produced in the mother cell under the control of σK. Lysis of the cell wall and cytoplasmic membrane causes the release of the cytoplasmic contents and the mature spore. The mother cell chromosomal DNA is rapidly degraded by NucB which is secreted from the mother cell earlier in the sporulation pathway [78]. 
The released spore is highly resistant to extreme environmental conditions such as heat and desiccation. It has previously been believed that the released spores are metabolically dormant due to the low amounts of water inside the spore, however, it has been shown that some enzymatic reactions occur after release to fully develop the spore coat proteins [79] and that the RNA content inside the spore can vary for several days after release [80]. It is therefore believed that the spores undergo an ‘adaptive period’ shortly after release before adopting their characteristic dormant state. 
1.9 [bookmark: _Toc1211903] Spore germination
The dormant spore is able to sense favourable changes in its environment, which ultimately enable it to convert to back to vegetative growth through a process called germination [9]. The signals the spore detects are known as germinants and are typically low molecular weight compounds such as individual amino acids, sugars and purine nucleoside derivatives [9]. There is evidence to suggest that some germinants may pass through the spore coat via specific coat proteins, however, the mechanism is poorly understood [81,82]. A series of germinant receptors are known to bind specific germinants which cause the activation of the germination pathway, such as GerA which responds to L-alanine. 
Upon activation of the germination pathway, a series of biochemical events occur. Firstly, monovalent cations such as H+, K+ and Na+ are released along with dipicolinic acid, Figure 1‑9 [83]. 
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[bookmark: _Ref519678401][bookmark: _Toc1212049]Figure 1‑9. Skeletal structure of dipicolinic acid
Figure created in ChemDraw. 

Secondly, the peptidoglycan layer making up the spore cortex is hydrolysed allowing the spore core to swell by uptake of water [84]. Uptake of water allows the core to expand and initiates metabolism and enzyme activity. This leads to macromolecular synthesis and spore outgrowth. At this point, the cell is able to return to vegetative growth and reproduce by binary fission. 
1.10 [bookmark: _Toc1211904]Clostridioides difficile
Clostridioides difficile is a spore forming bacterium responsible for causing approximately 20% of antibiotic associated cases of diarrhoea. In 2011, the bacterium was responsible for approximately half a million infections and caused the deaths of 29,000 people in the United States [85]. The bacterium is found in the digestive tracts of approximately 1 in every 30 healthy adults in its vegetative state. C. difficile is an obligate anaerobe and upon exposure to oxygen will begin to sporulate. Like B. subtilis spores, C. difficile spores are highly resistant to environmental stresses and can persist for long periods of time on hands, surfaces and clothing. The principal route of infection is faecal-oral and C. difficile is most likely to affect people who are already being treated with broad spectrum antibiotics or have long term health problems who are in close proximity to persons harbouring the infection. This is particularly prevalent in hospital and other care settings such as residential care homes. 
Spores play a key role in C. difficile infection. Ingestion of C. difficile spores leads to colonisation and the production of the two toxins involved in virulence, enterotoxin (toxin A) and cytotoxin (toxin B). Toxins A and B are glucosyltransferases that target and inhibit the Rho family of GTPases [86]. Treatment of C. difficile infection is by antibiotic therapy usually using metronidazole or vancomycin. In severe cases, surgery to remove severely damaged bowel may be required.
The major morphological steps involved in spore formation are conserved between C. difficile and B. subtilis. The compartment specific sigma factors σE, σF, σK and σG are present in C. difficile as in B. subtilis and broadly speaking their actions are analogous though their regulation is different [87]. For example, σG is expressed earlier in C. difficile than in B. subtilis and becomes active before the completion of engulfment whereas in B. subtilis, σG becomes active only after the completion of engulfment. 
Another key difference in sporulation between B. subtilis and C. difficile concerns the initiation pathway. Spo0A is conserved but C. difficile lacks orthologues of Spo0F and Spo0B. C. difficile also possesses orthologues of the B. subtilis Opp and App systems as well as having orthologues of two Rap phosphatases. However, the Rap phosphatases of C. difficile lack cognate orthologues of the Phr peptides observed in B. subtilis. Direct orthologues of the Kin histidine kinases are also lacking. Recently, investigations into null mutants of the opp and app operons revealed that deletion of Cdapp and the double mutant increased spore formation which is in stark contrast to the equivalent deletions in B. subtilis where mutations in the peptide transporters Bsuopp and Bsuapp lead to a decrease in sporulation efficiency [88,89]. A peptide uptake study was also performed where random 5 and 10 amino acid residue peptides were supplemented to C. difficile strains in the absence of other peptide sources. This experiment revealed that neither wild type nor mutant strains were able to utilise these peptides as sole amino acid source [88]. This raises interesting questions relating to sporulation initiation in C. difficile, specifically what, if any, role do peptides play in sporulation initiation. 
1.11 [bookmark: _Toc1211905]Aims
B. subtilis has three characterised ABC peptide transporters though only one binding protein of the three has had its structure determined, AppA. As mentioned, crystal structures of the solute binding proteins often reveal endogenous ligands which provide strong clues to the substrate specificity of the cognate transporter. As such, Chapter 3 of this thesis is concerned with the purification and structure solution of BsuOppA and BsuDppE to define the range of ligands transported by BsuOpp and BsuDpp. 
The C. difficile peptide binding proteins exhibit curious differences in sequence compared to their counterparts from B. subtilis indicating different substrate preferences or a different mode of peptide binding.  To address this question, Chapter 4 of this thesis is concerned with the purification and structure solution of CdOppA and CdAppA as well as binding studies with these proteins in an attempt to determine their binding capabilities. 
There is significant evidence to suggest that SpoIIQ and the SpoIIIAA-AH proteins interact to form a channel between the mother cell and the forespore during forespore development. SpoIIIAH shares sequence homology with other ring forming proteins and structural modelling suggests that SpoIIIAH and SpoIIQ may form a channel consisting of 12-18 subunits. Recent cryo-electron microscopy studies of recombinant SpoIIIAG suggest that the channel may be formed of 15 subunits of SpoIIIAH/SpoIIQ. Chapter 5 of this thesis aims to determine precisely  the stoichiometry of the SpoIIQ and SpoIIIAH complex in live sporulating B. subtilis strains by Slimfield microscopy. 




Chapter 2 [bookmark: _Toc1211906]– Materials and methods
2.1 [bookmark: _Toc1211907]Molecular biology
2.1.1 [bookmark: _Ref517180483][bookmark: _Toc1211908]Cloning strategy for peptide binding protein expression
The gene sequences for BsuOppA, BsuDppE, CdOppA and CdAppA were amplified by the Polymerase Chain Reaction (PCR). BsuOppA and BsuDppE were amplified from IB333 Bacillus subtilis genomic DNA using primers detailed in Appendix 7.1.1. CdOppA and CdAppA were amplified from Clostridioides difficile 630 genomic DNA using primers detailed in Appendix 7.2.1. Primers were designed such that the N-terminal secretion signal and N-terminal cysteine were removed; overhangs for pETYSBLIC3C were also designed into the primers to facilitate insertion by the HiFi reaction. pETYSBLIC3C is a pET28a derivative which encodes an N-terminal hexa-histidine tag followed by a Human Rhinovirus 3C protease cleavage site. Gene expression and hence protein production is driven from a bacteriophage T7 promoter and is induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM.
The target coding sequences were amplified in a 50 µl PCR reaction (2 pmoles primers, 2 mM dNTPs, 0.5 μl 50 ng/μl template) using KOD Hot Start Polymerase (Novagen) for the B. subtilis sequences and with Q5 DNA polymerase (New England Biolabs) for those from C. difficle. A typical thermocycle profile consisted of an initial denaturing step at 94 °C for 2 minutes followed by 25 cycles of 94 °C for 30 seconds, 50 °C for 30 seconds and 72 °C for 3 minutes followed by 5 minutes for final extension at 72 °C. Products were analysed by agarose gel electrophoresis and subsequently purified by PCR Clean up (QIAquick PCR Clean up). The HiFi reaction (New England Biolabs) was then performed to insert the coding sequence into the linearized pETYSBLIC3C vector obtained by PCR using the primers listed in Appendix 7.1.2. Transformation of NEB 5α competent Escherichia coli cells (NEB) using the heat shock method allowed plasmid recovery following overnight culturing in LB broth with 35 µg/ml kanamycin by miniprep (QIAprep miniprep kit). Plasmids were sent for sequencing (Eurofins) using the T7 promoter and T7 terminator primers. 

2.1.2 [bookmark: _Ref525029109][bookmark: _Toc1211909]Cloning strategy for SpoIIQ and SpoIIIAH
To determine the stoichiometry of the SpoIIQ-SpoIIIAH complex, a series of fluorescent proteins were fused to the N-termini of each protein. A series of plasmids were constructed which were designed for integration into the Bacillus subtilis chromosome through a double recombination event. An example of such a recombination event is shown in Figure 2‑1. spoIIQ fusions were designed to integrate at either the amyE locus or the spoIIQ locus. spoIIIAH fusions were designed to integrate into the spoIIIAH locus. spoIIQ fusions were designed to contain a spectinomycin resistance cassette (spcR). spoIIIAH fusions were designed to contain a chloramphenicol resistance cassette (camR). 
The amyE locus is a commonly used genetic locus for integration in B. subtilis. A strain of B. subtilis containing an erythromycin resistance cassette disrupting amyE, known as IB714 was used for integration of spoIIQ fusions. This allows for colony selection based on antibiotic switching, discussed in 2.8.
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[bookmark: _Ref519673386][bookmark: _Toc1212050]Figure 2‑1. Example of integration of a spoIIQ construct into the amyE locus by a double recombination event leading to antibiotic resistance switching from erythromycin (ermR) to spectinomycin (spcR).  

Each fusion was under the transcriptional control of the native promoter. For SpoIIQ fusions, this was achieved by cloning the promoter region immediately upstream of the sequence encoding the N-terminal fluorescent protein fusion to SpoIIQ. As spoIIIAH is the eighth gene in the spoIIIAA-AH operon, integration of a spoIIIAH fusion at the spoIIIAH locus, requires a section of spoIIIAG immediately upstream of the spoIIIAH fusion. 
Fluorescent proteins used were Ypet, mGFP, mCherry and mEos2. Ypet is an improved version of yellow fluorescent protein (YFP), which is itself a genetic mutant of green fluorescent protein. Ypet has a fast maturation time and shows increased brightness compared to YFP [90]. mGFP is a monomeric version of the green fluorescent protein and mCherry is a monomeric red fluorescent protein. mEos2 is a monomeric derivative of EosFP, a fluorescent protein capable of switching from green to red emission when exposed to ultraviolet light. Table 2‑1, details the excitation and emission wavelengths for these fluorescent proteins. 
[bookmark: _Ref519770417][bookmark: _Toc1212026]Table 2‑1. Excitation and emission profiles of fluorescent proteins used to create spoIIQ and spoIIIAH fusions.
	Protein
	Maximum excitation wavelength (nm)
	Maximum emission wavelength (nm)

	Ypet
	517
	530

	mGFP
	488
	507

	mCherry
	587
	610

	mEos2 (green)
	506
	516

	mEos2 (red)
	571
	581



All components for plasmid construction were amplified by PCR using Q5 DNA polymerase (NEB) in 50 μl reactions as described in 2.1.1. Sequences encoding Ypet, mGFP, mCherry and mEos2 were amplified from plasmids detailed in Appendix 7.3.2, while those encoding SpoIIQ and SpoIIIAH were amplified from Bacillus subtilis chromosomal DNA. Primers, detailed in Appendix 7.3.1, for amplification of each component fragment were designed such that they have 3’ complementary sequence to the component immediately adjacent. This allows assembly of multiple fragments by HiFi reaction into a linear array which can then be further amplified by PCR and inserted into a plasmid backbone by HiFi assembly. Figure 2‑2 shows the components of all plasmids constructed. 
The HiFi master mix (NEB) contains three enzymes required for DNA fragment assembly, a 5’ exonuclease, a DNA polymerase and a DNA ligase as well as deoxyribonucleotides. This allows fragments with 15-30 base pairs of overlapping ends to be assembled into one DNA construct before subsequent DNA manipulation by PCR or transformation into competent cells. The 5’ exonuclease cleaves nucleotides from the 5’ ends to leave single stranded 3’ overhangs which are complementary to adjacent fragments. These complementary overhangs can then anneal allowing the DNA polymerase to extended the cleaved stands before the DNA ligase seals the nicks in the DNA backbone. 
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Figure 2‑2. Components for both spoIIQ and spoIIIAH plasmid assemblies.
Coloured boxes indicate individual components with bars above representing primers. Complementary overhangs also shown for each primer denoted by the colour being identical to the adjacent component. pspoIIQ is the promoter of spoIIQ, fusion represents the fluorescent fusion to be tagged to either spoIIQ or spoIIIAH. dspoIIQ represents the downstream region of spoIIQ, dspoIIIAH represents the downstream region of spoIIIAH, camR represents a chloramphenicol resistance cassette and spcR represents a spectinomycin resistance cassette. 
2.1.3 [bookmark: _Toc1211910]Agarose gel electrophoresis 
PCR product analysis was performed by agarose gel electrophoresis. This technique relies on the inherent negative charge associated with the phosphate backbone of DNA. Samples to be analysed were mixed with 6X loading dye and pipetted into a 1 % agarose gel along with a series of known length DNA markers. A 100 V electric current was then applied to the gel for approximately 45 minutes to separate the samples based on their length. Gels were imaged by exposing to ultraviolet light. 

2.2 [bookmark: _Toc1211911]Protein production and purification
2.2.1 [bookmark: _Toc1211912][bookmark: _Ref524962397]E. coli transformation
Transformation of competent E. coli cells was performed using the heat shock method. An aliquot of competent cells (50 µl) was thawed on ice before 1 µl of plasmid containing the gene of interest was added. This mixture was left on ice for 20 minutes before being heated at 42 °C for 30 seconds. The mixture was then placed on ice again for a further 20 minutes before adding 950 µl of SOC media. The transformation mixture was then grown at 37 °C with shaking for 1 hour before being plated onto LB agar supplemented with appropriate antibiotics. 
2.2.2 [bookmark: _Toc1211913]Culture growth
For protein production, E. coli BL21 (DE3) cells were transformed by heat shock with the appropriate plasmid containing the gene of interest. The transformation mix was plated onto LB agar supplemented with kanamycin (35 μg/ml) and grown overnight at 37 °C. A single colony from this plate is then used to inoculate a 10 ml LB overnight culture again supplemented with kanamycin which was grown at 37 °C at 180 RPM to achieve a high cell density. This culture was then used to inoculate fresh LB media supplemented with kanamycin by a 100-fold dilution. Cultures were grown at 37 °C at 180 RPM until the optical density (OD600) reached approximately 0.4-0.6 at which point induction of recombinant protein production is achieved by the addition of 1 M IPTG to give a working concentration of 1 mM. Cultures were then grown with shaking (180 RPM) at either 37 °C for 240 minutes or 16 °C for 960 minutes before harvesting. 

2.2.3 [bookmark: _Toc1211914]Harvesting cells and cell disruption by centrifugation
Large cultures were harvested by centrifugation at 4225 x g for 30 minutes in an F10S rotor using a Sorvall centrifuge. Pelleted cells were resuspended in resuspension buffer (50 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 8.0) by periodic vortexing. A Complete Ethylenediaminetetraacetic acid (EDTA) free protease inhibitor cocktail tablet (Roche) was added to the resuspended cells before cellular disruption was carried out by sonication at 16 kHz for 10 cycles of 30 seconds followed by 45 seconds on ice. Insoluble material was then pelleted by centrifugation at 35000 x g for 40 minutes in an SS34 rotor. 

2.2.4 [bookmark: _Ref524962417][bookmark: _Toc1211915]Nickel affinity chromatography and histidine tag cleavage by HRV3C
The supernatant obtained from centrifugation following cellular disruption was applied to a nickel-NTA column (HisTrap FF, GE Healthcare) pre-equilibrated with resuspension buffer. The column was developed using a 20-500 mM imidazole gradient in resuspension buffer on an Äkta Purifier (GE Healthcare). Fractions were analysed by Polyacrylamide Gel Electrophoresis (SDS-PAGE). Peak fractions containing recombinant protein were combined and digested with HRV3C protease overnight at 4 °C in a 1:100 mass ratio reaction to cleave the N-terminal hexa-histidine tag during dialysis against resuspension buffer to remove imidazole. HRV3C protease is a cysteine protease which recognises the amino acid sequence Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro cleaving between Gln-Gly resulting in a residual Gly-Pro-Ala being attached to the N-terminus of recombinant proteins being produced from the pETYSBLIC3C vector. 
The dialysis products were next passed through a second nickel affinity column. Cleaved protein was collected in the flow-through with any uncleaved protein eluted using a 20-500 mM imidazole gradient in resuspension buffer. Peak fractions were again analysed by SDS-PAGE.
2.2.5 [bookmark: _Ref524962513][bookmark: _Toc1211916]On-column unfolding-refolding
On-column unfolding-refolding to obtain ligand free protein was carried out by binding the protein of interest to a nickel-NTA column (HisTrap FF, GE Healthcare) pre-equilibrated with resuspension buffer. The column was then washed with a linear gradient of 0-2 M guanidine hydrochloride in resuspension buffer using an Äkta Purifier. A stepped refold was carried out to reduce the guanidine hydrochloride concentration to 0 M in steps of 1.5 M, 1 M, 0.5 M to 0 M as illustrated in Figure 2‑3. 

[image: ]
[bookmark: _Ref519673437][bookmark: _Toc1212052]Figure 2‑3. Schematic example of on column refolding method.
A schematic of increase of stepped refolding by change in guanidine hydrochloride. 
B schematic of protein elution post refolding. 

The protein of interest was subsequently eluted using a 20-500 mM imidazole gradient in resuspension buffer and peak fractions were analysed by SDS-PAGE

2.2.6 [bookmark: _Toc1211917]Size exclusion chromatography
Peak fractions containing the protein of interest from the second nickel affinity column were combined and concentrated to approximately 1 ml using a centrifugal concentrator (Vivaspin 20, Sartorius). For size exclusion chromatography the maximum recommended loading volume for good peak resolution is between 0.5-2% of column volume. 1 ml is approximately 0.8% of the total volume of the 120 ml size exclusion column used. Concentrated material was subsequently loaded on an S200 16/600 (GE Healthcare) size exclusion column, pre-equilibrated with size exclusion buffer (50 mM Tris, 150 mM NaCl, pH 8.0) on an Äkta Purifier (GE Healthcare). Peak fractions are again analysed by SDS-PAGE. Fractions containing the protein of interest were then pooled and concentrated before being flash frozen in liquid nitrogen for storage at -80 °C.
2.2.7 [bookmark: _Toc1211918]Sodium dodecyl sulfate polyacrylamide gel electrophoresis protein analysis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyse individual purification steps. SDS-PAGE is a method of separating proteins by their mass. Protein samples are boiled in the presence of SDS resulting in them becoming denatured. SDS binds to the denatured protein at an approximate ratio of 1 molecule of SDS to 2 amino acid residues thus a polypeptide chain binds an amount of SDS proportional to its molecular mass. Binding of SDS confers a net negative charge on the polypeptide chain. This allows separation by mass if an electric voltage (typically 200 V) is applied across the polyacrylamide gel as the negatively charged polypeptide chains will migrate towards the anode with a speed dependent on its mass. Smaller polypeptides migrate faster than larger polypeptides. A series of molecular weight markers are also run in the gel to allow for the mass of a polypeptide to be estimated based on how far through the gel a polypeptide of known mass in the marker has moved. This mass determination is only an estimate as polypeptides with high numbers of basic residues and those with many acidic amino acids may migrate at different rates due to charge interactions. 

2.3 [bookmark: _Toc1211919]Protein crystallisation 
2.3.1 [bookmark: _Toc1211920]Crystallisation screening
Crystallisation screening experiments were performed in 96 well MRC-Wilden crystallisation trays as sitting drop vapour diffusion experiments. Commercially available screens, including PACT Premier Screen (Molecular Dimensions) and Hampton I & II (Hampton Research) were used to screen for crystallisation hits. 54 μl aliquots of screening solution were pipetted into reservoir wells, so called mother liquor; of 96 well MRC-Wilden plates by a Hydra-96 pipetting robot (Robbins Scientific) followed by 150 nl of protein solution and 150 nl of mother liquor into crystallisation wells by a Mosquito nanolitre pipetting robot (TTP LabTech). Plates were then sealed with a self-adhesive plastic lid and kept at 18 °C and checked for crystal formation every 2 to 3 days.  

2.3.2 [bookmark: _Toc1211921]Optimisation of crystallisation conditions
Refinement of crystallisation conditions obtained from screening experiments was performed in 24 well plates as hanging drop vapour diffusion experiments to yield larger single crystals. Optimisation of conditions yielding crystals included varying precipitant concentration or changing the pH of the buffer. The reservoir of each well contained 1 ml of well solution. 1 μl of well solution was mixed with 1 μl of protein solution on a siliconized glass cover slip. The slip was inverted over the well and sealed using vacuum grease. 

2.3.3 [bookmark: _Toc1211922]Seeding experiments
Seeding was performed to improve crystallisation of BsuDppE and CdOppA. Crystals deemed unsuitable for X-ray analysis were mixed with 15 μl of well solution before being aspirated and placed into a micro-centrifuge tube containing a Seed-Bead (Hampton Research), a further 35 μl of well solution was then added to make the final volume 50 μl. The tube was vortexed as per manufactures instructions to obtain a seed stock, dilutions of which can be mixed with protein and mother liquor for further crystallisation screening. 

2.4 [bookmark: _Toc1211923]X-ray crystallography
2.4.1 [bookmark: _Toc1211924]Crystal isolation
Crystals that appeared suitable for X-ray diffraction experiments were isolated from their drops by capture in suitable sized nylon loops (Hampton Research). If cryo-protection was used, 1 μl of mother liquor with cryo-protectant was added to the drop containing the crystal before isolation with a nylon loop. Cryo-protection involves adding a compound such as glycerol to the drop containing the crystal of interest to assist in creating a vitreous layer of water when the crystal is rapidly cooled in liquid nitrogen. A vitreous layer of water is required as normal crystalline ice can result in destruction of the crystal lattice due to the expansion of water during freezing. Cryogenic temperatures are required to reduce the amount of radiation damage to the molecules contained in the crystal during exposure to X-ray radiation. Crystals captured in loops were rapidly cooled in liquid nitrogen and stored in vials before diffraction experiments. 

2.4.2 [bookmark: _Toc1211925]X-ray data collection
X-ray data were collected both in house and at the Diamond Light Source. In house data collection was performed solely to test for crystal diffraction prior to data collection at Diamond Light Source. In house data collection was performed using a Rigaku MicroMax-007 HF X-ray Generator, Rigaku R-Axis IV++ Image Plate Detector and Rigaku Actor Robotic Sample Changer. Data collected at Diamond Light Source used beamline specific equipment. 
The in house data collection strategy was to collect two images 90 ° apart with 0.5 ° oscillation with 5 minute exposure. Data collection at Diamond Light Source typically consisted of collection between 2200 and 3600 images with 0.1 ° oscillation to 1.5 Å. 

2.4.3 [bookmark: _Toc1211926]X-ray data processing and structure solution
X-ray diffraction data were processed automatically at Diamond Light Source using the programme Xia2 [91]. Xia2 takes raw X-ray diffraction images, determines a space group and integrates the images to determine intensities and structure factor amplitudes. To calculate the space group, or index the crystal, the dimensions of the unit cell must be determined along with which image peak corresponds to which position in reciprocal space. When the space group is determined, the data can be integrated which combines data from the multiple images to a single file containing the Miller index of each reflection as well as the intensity of the reflection. Next the data must be merged and scaled. Merging involves identifying which peaks appear in multiple images, these peaks can then be scaled, i.e. matching the intensity of each identical peak. 
Structure solution was performed using the graphical interfaces of CCP4i [92,93] and CCP4i2 [94] with further data reduction carried out in Aimless [95] and unit cell composition determined by Matthews Coefficient [96,97]. Typically molecular replacement was carried out using Phaser [98]. Molecular replacement is a method for solving the phase problem inherent in X-ray crystallography whereby phase information is lost, i.e. only the intensity of a reflection is recorded and not the phase. Molecular replacement involves attempting to fit a model to the experimental intensities and hence solve the phase problem. Molecular replacement involves three key steps, determination of Patterson map for the experimental data and the reference structure, rotation function and the translation function. The Patterson map of the experimental data should closely align with the Patterson map for the reference structure which allows the determination of the orientation and location in the unit cell of the unknown structure. A rotation function is then applied to the known structure in an attempt to better fit the model before translation is applied to the correctly orientated coordinates in the asymmetric unit.
After molecular replacement, automatic model building by Buccaneer [99] was performed. Buccaneer fits Cα positions into the observed electron density. The programme then chain traces in an attempt to link Cα positions into chains before the protein sequence is overlaid onto the chain and sidechains placed. Refinement in Refmac5 [100,101] was then performed before assessing the model fit to density in the molecular graphics programme Coot [102]. Iterative rounds of manual model building in Coot were then performed before refinement in Refmac5. Analysis of model geometry and model fit to density were performed using the inbuilt tools in Coot and using EDSTATS. 

2.5 [bookmark: _Toc1211927]Ligand binding experiments
2.5.1 [bookmark: _Ref524963929][bookmark: _Ref524967472][bookmark: _Toc1211928]Thermal shift assay
Thermal shift assay or differential scanning fluorimetry, monitors the thermal denaturation of proteins by the increase in fluorescence observed when a low molecular weight dye binds to hydrophobic residues which typically are buried in globular proteins but become solvent exposed upon denaturation. Binding of ligands can lead to an increase in thermal stability of the protein as evidenced by a higher melting temperature. 
Thermal shift assay was performed with BsuOppA, CdOppA and CdAppA with a variety of peptide ligands. Experiments were performed in triplicate with all proteins at 1 mg/ml in a 50 mM Tris, 150 mM NaCl pH 8.0 buffer. SYPRO Orange dye was used at 4x excess for CdAppA and 5x excess for BsuOppA. A 100 fold molar excess of ligand was used for all experiments with ligands dissolved in the same buffer as the protein. A Stratagene Mx3005P real time PCR instrument was used for all experiments. Data analysis was performed using JSTA [103]. 

2.5.2 [bookmark: _Ref524964022][bookmark: _Toc1211929]Isothermal Titration Calorimetry 
Isothermal Titration Calorimetry (ITC) was carried out with BsuOppA and a variety of peptide ligands to determine KD. The protein was used at a concentration of 90 μM in 50 mM Tris, 150 mM NaCl, pH 8.0 buffer. Titrations were performed with a stock concentration of ligand at 1600 μM over the course of 19 0.5 μl injections with stirring at 750 RPM at 25 °C. Experiments were performed using a Micro-Cal Auto-ITC200 instrument with data analysed using MicroCal PEAQ-ITC software. All experiments were performed in triplicate. 

2.6 [bookmark: _Toc1211930]Preparation of competent Bacillus subtilis
A single colony of the required B. subtilis strain was streaked out as a large patch on LB agar and incubated at 30 °C overnight. The next day, the large patch was scraped from the plate and used to inoculate 20 ml of freshly prepared SpC medium (Appendix 7.5.2) to an optical density OD600 ~ 0.4. Growth was maintained at 37 °C with shaking (180 RPM) until the cells reached stationary phase when they become naturally competent. Thereafter, 1 ml of culture was diluted into freshly prepared and pre-warmed SpII medium (Appendix 7.5.3) and allowed to grow for 90 minutes at 37 °C. Cells were then pelleted by centrifugation at 769 x g for 20 minutes and resuspended in a mixture of 8 ml of supernatant and 2 ml of 80% glycerol, aliquoted, flash frozen in liquid nitrogen and stored at -80 °C.

2.7 [bookmark: _Ref525030115][bookmark: _Toc1211931]Transformation of Bacillus subtilis
An aliquot of competent cells was thawed at room temperature and 250 μl of cells were mixed with 250 μl of SpII + EGTA (Appendix 7.5.4) and 1-5 ng of desired plasmid DNA or chromosomal DNA in a 1.5 ml microcentrifuge tube. Samples were incubated at 37 °C with shaking at 180 RPM for 30 minutes. The transformation mix was then suspended in 4.5 ml of prewarmed Top agar (Appendix 7.5.5) supplemented with appropriate antibiotics and then rapidly plated on LB agar plates for overnight incubation. 

2.8 [bookmark: _Ref519768774][bookmark: _Toc1211932]Confirming transformation of Bacillus subtilis
Some competent B. subtilis strains harbour antibiotic resistance cassettes such as IB714, which has an erythromycin resistance cassette at the amyE locus, and BKE36550, which is a spoIIQ null mutant strain. BKE36550 has an erythromycin resistance cassette at the spoIIQ locus. Transformations into these strains can be checked for antibiotic resistance switching following integration of the desired plasmid. This is because the antibiotic resistance cassette in the chromosomal locus should be replaced by that on the desired plasmid in the case of a double crossover shown in Figure 2‑4. 
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[bookmark: _Ref519673458][bookmark: _Toc1212053]Figure 2‑4. Example of double and single recombination event in B. subtilis chromosome.
A double recombination event leading to replacement of erythromycin cassette with plasmid contents. 
B single recombination event leading to erythromycin cassette remaining in the chromosome. 

Colonies obtained from the transformation plate were picked and re-plated on LB agar plates supplemented with appropriate antibiotics as illustrated in Figure 2‑5 and grown overnight at 37 °C. Colonies displaying the desired phenotype were then plated onto DSM agar (Appendix 7.5.6) and left for 2-3 days at 37 °C to check for sporulation. 
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[bookmark: _Ref519673474][bookmark: _Toc1212054]Figure 2‑5. Example of transformation selection method for B. subtilis whereby erythromycin cassette is replaced by spectinomycin cassette and subsequent sporulation assay. 
Transformed B. subtilis strain with plasmid containing spectinomycin (Sp) cassette designed to replace erythromycin (Er) cassette is plated onto spectinomycin supplemented LB agar. Colonies observed are plated onto erythromycin/lincomycin (Li); spectinomycin supplemented agar as well as spectinomycin-supplemented agar. Colonies that are erythromycin/lincomycin sensitive but spectinomycin resistant display the double recombination event phenotype where as those resistant to erythromycin/lincomycin and spectinomycin show single recombination event phenotype. Colonies showing double recombination event phenotype are plated onto sporulation inducing DSM agar supplemented with spectinomycin to determine the sporulation efficiency compared to positive and negative control strains.



2.9 [bookmark: _Toc1211933]Fluorescent imaging of Bacillus subtilis
2.9.1 [bookmark: _Ref525029786][bookmark: _Ref525030196][bookmark: _Toc1211934]Cell preparation
A single colony of required B. subtilis strain was streaked out as a large patch on LB agar and incubated at 30 °C overnight. The large patch was scraped from the plate and used to inoculate 10 ml of freshly prepared Difco Sporulation Media (DSM) to an OD600 of approximately 0.1. The culture was then grown at 37 °C at 180 RPM for approximately 420 minutes to reach the appropriate stage of sporulation. Approximately 20 minutes before harvesting, 1 μl of FM4-64 membrane dye was added to strains other than those expressing mCherry fusions. To harvest cells for imaging, 200 μl of culture was pelleted by centrifugation in a bench top centrifuge at 2300 x g for 3 minutes. The supernatant was removed and the cell pellet resuspended in 200 μl of freshly prepared Spizizen Minimal Medium (SMM, Appendix 7.5.7) before being pelleted again by centrifugation in a bench top centrifuge at 2300 x g for 3 minutes. The supernatant was again discarded and the resultant cell pellet was resuspended in 20 μl of SMM. Resuspended cells were spotted onto poly-lysine glass slides before fluorescent imaging. For Slimfield microscopy, cells were spotted onto a glass slide with a 1% agarose/1% SMM bed. 

2.9.2 [bookmark: _Toc1211935]Epifluorescence microscopy setup
B. subtilis liquid cultures were grown and prepared as described above. Epifluorescence images were recorded using an Olympus BX63 microscope equipped with a Hamamatsu Orca-R2 camera. Olympus CellP imaging software or Olympus Image-Pro Plus 6.0 software were used for image acquisition and analysis. 

2.9.3 [bookmark: _Ref525030262][bookmark: _Toc1211936]Slimfield microscopy setup
Slimfield microscopy allows tracking of single fluorescent proteins on millisecond timescales which reduces motion blur of rapidly diffusing fluorescently labelled proteins. Coupled with convolution analysis, this rapid imaging single-molecule technique can allow copy number and stoichiometry for complexes [104,105]. A Total Internal Reflection Fluorescence (TIRF) like beam is created in the microscope to produce an excitation beam on the sample of approximately 5-10 μm in width, Figure 2‑6. 
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[bookmark: _Ref519673491][bookmark: _Toc1212055]Figure 2‑6. Schematic of Slimfield microscope setup in dual colour mode.
Taken from [106]. 

A dual-colour bespoke single-molecule microscope was used which utilized narrow epifluorescence excitation of 10 μm full width at half maximum in the sample plane from a 514 nm 20 mW (Obis LS, Coherent) laser. The laser was propagated through a ~3x Keplerian beam de-expander. Illumination was directed onto an xyz nanostage (Mad CityLabs, the Dane County, Wisconsin, USA), and emissions directed through a colour splitter utilizing a dichroic mirror centred on 560 nm wavelength and emission 25 nm bandwidth filters centred at 542/594 nm (Chroma Technology Corp., Rockingham, Vermont, USA) onto an Andor iXon 128 emCCD camera, 80 nm/pixel. Bright field imaging was performed with no gain (100 ms/frame), single-molecule imaging at maximum gain (5 ms/frame).
Data analysis is described in Section 5.7.3. 
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Chapter 3 [bookmark: _Toc1211937]– Bacillus subtilis peptide transport
3.1 [bookmark: _Toc1211938] Chapter introduction
Bacillus subtilis has three so far characterised ATP-binding cassette (ABC) peptide transporter systems, the oligopeptide permease Opp [28], the dipeptide permease Dpp [25,32] and a third system termed another peptide permease App [22] which is inactive in the laboratory 168 strain. ABC transporter systems in Gram-positive organisms are formed of an extracellular lipid anchored solute binding protein, a membrane channel formed of a protein homo or heterodimer and an intracellular ATPase. Previous studies on the extracellular binding protein BsuAppA have shown it is capable of binding peptide chains up to nine amino acid residues in length [29,37]. Early investigations into the extracellular binding protein BsuDppE suggested a role in uptake of dipeptides. Wild type and Dpp null mutant proline auxotroph’s were supplemented with a proline-glycine dipeptide, the Dpp null mutant was unable to utilise the dipeptide as the sole proline source whereas the wild type was able to utilise the proline source [25]. BsuOppA is believed to be involved in general peptide uptake but also has a role in sporulation initiation and competence through uptake of specific pentapeptides [28]. 
The solute binding protein in ABC transporters usually gives the system its specificity [107]. These solute binding proteins are typically formed of two lobes where the ligand binding pocket can be found between these lobes. The mechanism of ligand binding has been likened to a Venus flytrap as there is significant lobe movement to completely enclose the ligand [26]. 
In Bacillus subtilis, the extracellular solute binding proteins typically have a secretion signal followed by a cysteine residue which is post-translationally lipidated to anchor the protein into the cell membrane. For BsuOppA and BsuDppE, constructs were designed following structure prediction to avoid this N-terminal secretion signal and lipidation site to enable intracellular expression and purification of soluble proteins for structural studies. This chapter describes the cloning, purification, crystallisation and structure determination of BsuOppA and BsuDppE as well as ligand binding studies with BsuOppA. The aim of these studies is to determine the range of ligands BsuOppA is capable of binding as well as test the dipeptide binding hypothesis of BsuDppE. 


3.2 [bookmark: _Toc1211939]Construct design
Both BsuOppA and BsuDppE protein sequences were analysed in SignalP [108] and GlobPlot [109] to determine the extent of the signal peptides and predicted disordered regions. Signal peptides were predicted by SignalP to span residues 1-30 for BsuOppA and 1-29 for BsuDppE despite the presence of the N-terminal cysteine residue which is believed to be lipidated at residue 21 and residue 23 respectively. A protein sequence similarity search of the Protein Data Bank (PDB) was also completed for both proteins with Salmonella typhimurium OppA (1rkm) being the closest match to BsuOppA (35% identity) and Enterococcus faecalis PrgZ (4faj) the closest match to BsuDppE (33% identity). Sequence alignment of these proteins was performed to match the chosen start site to the N-terminal region of binding proteins with known structure, Figure 3‑1. 
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[bookmark: _Ref516056297][bookmark: _Toc1212056]Figure 3‑1. Alignment of BsuOppA, BsuDppE with closest matches in the PDB. 
Alignment of N-terminal sequences performed in TCoffee, structural overlay and colouring performed using Espript3 [110]. Blue circles indicate residues chosen to start protein constructs. Salmonella typhimurium OppA (1RKM) sequence and structure shown as well as Enterococcus faecalis PrgZ (4FAJ). N-terminal cysteine residue highlighted by blue arrow. 

3.3 [bookmark: _Toc1211940]BsuOppA structure determination
3.3.1 [bookmark: _Ref516064906][bookmark: _Toc1211941]BsuOppA expression and purification
A DNA fragment encompassing the coding sequence of BsuoppA was amplified from Bacillus subtilis IG20 genomic DNA by the Polymerase Chain Reaction (PCR) using primers detailed in Appendix 7.1.1. This fragment corresponds to amino acid residues 17-525, where residue 1 is the N-terminal cysteine that is expected to be lipidated in Bacillus subtilis so as to anchor the mature protein in the membrane. The resulting fragment was cloned into pETYSBLIC3C downstream of a sequence encoding an N-terminal hexa-histidine tag and a Human Rhinovirus 3C protease cleavage site as described in Section 2.1.1. The encoded, mature protein has a calculated molecular weight of 57.9 kDa and a theoretical isoelectric point (pI) of 5.35. The protein was expressed as described in Section 2.2.1. Purification of BsuOppA followed a standard method described in Section 2.2.4 whereby soluble cellular extract was applied to a nickel-NTA column with unbound protein washed off the column in buffer A and bound histidine tagged protein eluted by increasing imidazole concentration in a gradient. Fractions containing recombinant protein were pooled and subjected to overnight HRV3C cleavage to remove the histidine tag, coupled with dialysis to reduce the imidazole concentration. This material was then reapplied to a nickel-NTA column to separate cleaved and uncleaved protein with cleaved protein concentrated and applied to a final polishing step of size exclusion chromatography before aliquoting and freezing.
BsuOppA was eluted from the first nickel column as a single peak as described in Figure 3‑2, peak fractions analysed by SDS-PAGE, combined and subject to HRV3C cleavage before a second nickel affinity purification step. Peak fractions were again analysed by SDS-PAGE, combined and concentrated before size exclusion chromatography using an S200 16/600 (GE Healthcare). The protein was eluted in two peaks with the first peak at approximately 76 ml and the second at 87 ml. The first peak may correspond to dimeric BsuOppA though this was not investigated further. Peaks fractions were analysed by SDS-PAGE, Figure 3‑3, pooled and concentrated before being snap frozen and stored at -80 °C. 
Peptide binding proteins often co-purify with endogenous ligands which can be removed by a process of on column refolding. As such, ligand free BsuOppA was prepared as described in Section 2.2.5. Soluble cellular extract was applied to a nickel-NTA column with unbound protein washed off the column in buffer A before a gradient of guanidine hydrochloride up to 2 M was applied. This guanidine hydrochloride gradient was then reduced in a step wise manner before elution of the protein by increasing imidazole concentration. Subsequent purification steps were as previously described. 
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[bookmark: _Ref513815359][bookmark: _Toc1212057]Figure 3‑2. Initial purification of BsuOppA by immobilised metal affinity chromatography. 
A. Elution profile of BsuOppA measured by absorbance at 280 nm from a nickel affinity column using an increasing imidazole gradient. A single absorbance peak can be seen between approximately 35 ml and 60 ml. Sample load fractions omitted for clarity. 
B. 12% SDS-PAGE analysis for BsuOppA after nickel affinity purification. The un-induced sample is a lysate sample from E. coli cells harbouring the pETYSBLIC3C plasmid containing the BsuOppA gene sequence before induction with IPTG. The load sample is a soluble sample of cell lysate post sonication. The flow through sample is a wash sample with buffer A post column loading. Peak fraction samples were taken through the peak observed in A280 absorbance in part A. A clear band can be observed in the peak fraction samples corresponding to BsuOppA with a mobility between 45.0 kDa and 66.2 kDa. 
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[bookmark: _Ref513815386][bookmark: _Toc1212058]Figure 3‑3. Final purification step of BsuOppA by size exclusion chromatography. 
A. Elution profile of BsuOppA measured by absorbance at 280 nm from size exclusion chromatography. Three distinct absorbance peaks can be observed, a minor peak at approximately 45 ml, peak 1 at 76 ml and peak 2 at 87 ml. 
B. 12% SDS-PAGE analysis for BsuOppA after size exclusion chromatography. The load is a sample of BsuOppA post HRV3C cleavage and clean up by nickel affinity chromatography. The minor peak sample shows a very weak band corresponding to BsuOppA. Peak 1 and 2 show clear bands corresponding to BsuOppA with a mobility between 45.0 and 66.2 kDa. 
To establish that both BsuOppA and ligand free BsuOppA were folded, circular dichroism (CD) experiments were performed using a Jasco J810 spectrophotometer. Figure 3‑4, shows the CD profile of both BsuOppA and ligand free BsuOppA. Both are folded with minor differences in the CD signal between the two proteins. Unfolded proteins typically display zero CD signal in the 210-220 nm range. 
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[bookmark: _Ref516134638][bookmark: _Ref516134621][bookmark: _Toc1212059]Figure 3‑4. Comparative CD spectrum for BsuOppA and ligand free BsuOppA. 
BsuOppA shown in black with ligand free protein shown in red. Figure created in Origin. 

Electrospray Time of Flight Mass Spectrometry was performed to ensure the proteins were of the expected molecular weight. A corrected mass of 57.902 kDa was recorded for BsuOppA indicating full-length protein had been produced as this matches the predicted molecular weight of the mature protein indicated in Section 7.1.3. 

3.3.2 [bookmark: _Ref515543367][bookmark: _Toc1211942]BsuOppA crystallisation 
Crystallisation experiments with BsuOppA were performed in MRC-Wilden 96 well plates using the commercial screens PACT (Molecular Dimensions) and Index (Hampton Research). Optimisation of initial crystal hits was carried out in 24 well hanging drop experiments (1 μl protein and 1 μl mother liquor) in which buffer conditions, salt and precipitant concentrations were varied. Crystals obtained had poor morphology, no single crystals were observed. Therefore, a series of seeding experiments were performed to improve crystal morphology, Figure 3‑5.
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[bookmark: _Ref513815452][bookmark: _Toc1212060]Figure 3‑5. Comparison of BsuOppA crystals before and after micro seeding. 
Left: Crystals obtained in 24 well hanging drop experiment. Condition 0.1 M MMT, 22.5% PEG 1500, 2.5% DMF pH 9.0, 1 μl mother liquor, 1 μl protein at 18 mg/ml
Right: Crystal obtained in 24 well hanging drop experiment with micro seeding. Condition 0.1 M MMT, 22.5% PEG 1500, 2.5% DMSO pH 8.0, 2 μl mother liquor, 2 μl protein at 18 mg/ml with 0.5 μl 100 X diluted seed stock. 

Seeding involved taking poor quality crystals obtained in screening experiments and mixing them with 15 μl of mother liquor before  aspirating and placing into a micro-centrifuge tube containing a Seed-Bead (Hampton Research). A quantity of mother liquor is then added to the mixture before vortexing to disperse crystalline material through the solution and generating what is referred to as a seed stock. Crystals of BsuOppA obtained in 0.1 M MMT, 22.5% PEG 1.5 K, 2.5% DMSO, pH 9.0 and those obtained in 0.1 M MMT, 25% PEG 1.5 K, 2.5% DMSO, pH 9.0 were used to make a seed stock. This seed stock was used in a 100 X dilution with 2 μl of 18 mg/ml protein, 2 μl of mother liquor and 0.5 μl seed stock (0.1 M MMT, 20% PEG 1.5 K, 2.5% DMSO, pH 8.0) in a 24 well hanging drop experiment to obtain crystals suitable for collecting X-ray diffraction data for structure solution.

3.3.3 [bookmark: _Ref514150397][bookmark: _Toc1211943]Structure solution
A single crystal grown in the condition described in 3.3.2 was captured in a nylon loop and cryo-protected with mother liquor containing 15% glycerol before being cooled in liquid nitrogen. X-ray diffraction data were collected at Diamond Light Source on beamline i03 to a resolution of 1.5 Å. 
X-ray data processing was carried out in Xia2 [91] in space group C121. Structure solution was carried out in CCP4i [92,93] and CCP4i2 [94]. It was expected that two molecules would be present in the asymmetric unit due to crystal packing considerations. The crystal structure of BsuOppA was solved by molecular replacement with the search model 1rkm [111], the structure of the un-liganded form of Salmonella typhimurium OppA which shows a 35% sequence identity to BsuOppA. Molecular replacement was completed using Phaser [98] by splitting the search model into two domains as attempts to solve with the intact protein sequence were unsuccessful due to poor model fit to the calculated map. The first domain consisted of N-terminal residues 1-221 and the second, C-terminal domain consisted of residues 265-483. Initial model building was completed using Buccaneer [99]. There are two molecules of BsuOppA in the asymmetric unit with residues 17 to 525 well defined in the electron density map of chain A and residues 18-525 well defined in chain B. Iterative rounds of model building using COOT [102] and refinement in REFMAC5 [100,101] followed initial model building. Refinement statistics are shown in Table 3‑1. The A and B molecules of the asymmetric unit are very closely superimposable with pairwise positional rms values of 0.2 Å for 507 equivalent C atoms. The overall structure of BsuOppA is highly similar to existing peptide binding proteins in the PDB with the closest structures to BsuOppA being Enterococcus faecalis PrgZ, Escherichia coli MppA and Salmonella typhimurium OppA proteins. Overlaying these structures with BsuOppA gives Z-values of ~20, and rms values ~ 1.5 Å for ~480 aligned residues.
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[bookmark: _Toc1212061]Figure 3‑6. Overall structure of BsuOppA
Chain A and chain B overlaid coloured blue to red, N to C termini with calculated surface shown in grey. 

Examination of the electron density map following molecular replacement with Phaser revealed a portion of electron density in the binding pocket of BsuOppA that could not be attributed to protein atoms, Figure 3‑7. 
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[bookmark: _Ref513815479][bookmark: _Toc1212062]Figure 3‑7. Residual electron density observed in the binding pocket of BsuOppA.
Image created in CCP4MG showing binding site residues and density observed in the difference density map (2Fo-Fc) in green chicken wire contoured at 3 σ. 

It was expected that BsuOppA would purify with a heterogeneous mixture of peptides bound in the binding pocket, as BsuOpp is assumed to be a general peptide uptake system. This would lead to averaging of observed electron density across the crystal. As such, a tetra-alanine model was fitted into the density and refined however, residual side chain electron density remained. The tetra-alanine model was modified to N-serine1-asparagine2-serine3-serine4-C to fit the observed density and refined. The refined binding site can be seen in Figure 3‑8.
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[bookmark: _Ref513815501][bookmark: _Toc1212063]Figure 3‑8. Binding site of BsuOppA with tetrapeptide ligand. 
Upper: Tetrapeptide ligand and electrostatic surface highlighting location of binding pocket.
Lower: Modelled tetrapeptide ligand, carbon atoms coloured green (N-serine1-asparagine2-serine3-serine4-C) in complex with BsuOppA. Residues involved in binding are shown in gold with polar bonding interactions shown as dashed black lines. The electron density map is displayed as blue chicken wire clipped to the tetrapeptide ligand contoured to 1 σ.

3.3.4 [bookmark: _Toc1211944]Tetrapeptide binding mode
As seen in Figure 3‑8, the N-terminus of the tetrapeptide ligand is anchored by forming an interaction with the carboxylate of Asp429 as well as an interaction with the backbone carbonyl of Leu427. Interactions anchoring the N-terminus of the tetrapeptide ligand closely resemble interactions seen in other peptide binding proteins such as in L. lactis OppA and S. typhimurium OppA. The C-terminus of the tetrapeptide ligand is anchored by an interaction with His381 as well as further interactions with Asn376. The polar groups of the peptide bonds in the ligand also form β sheet like interactions with residues 427-425 and 39-41. Further interactions can also be seen between the side chains of Arg423 and Ser41 and the third peptide bond of the ligand. Ligand side chains do not appear to form direct interactions with the protein backbone. 

3.3.5 [bookmark: _Toc1211945]Ligand free BsuOppA crystallisation 
Ligand free BsuOppA was prepared as described in 3.3.1 and crystallisation experiments were performed in MRC-Wilden 96 well trays as hanging drop experiments. Crystals were obtained, Figure 3‑9, in the PACT commercial screen but these were of rather poor quality. Attempts to optimise the condition did not result in the formation of crystals. The poor quality crystals obtained in the PACT commercial screen were tested for X-ray diffraction, no diffraction was observed. The structure of un-liganded BsuOppA was not considered a priority at this stage and as such no further optimisation was carried out. 
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[bookmark: _Ref513815546][bookmark: _Toc1212064]Figure 3‑9. Crystals obtained in 96 well sitting drop experiment in the PACT commercial screen. 
Crystals displayed above were grown in 0.1 M Tris, 0.002 M zinc chloride, 20% (w/v) PEG 6000. No X-ray diffraction was observed for crystals fished from this condition and no further optimisation was carried out. 


3.3.6 [bookmark: _Toc1211946]Crystal structure data table
[bookmark: _Ref516135784][bookmark: _Ref516135779][bookmark: _Toc1212027]Table 3‑1. Refinement statistics for BsuOppA
	
	BsuOppA

	Data collection
	

	Beamline/Date
	i03 04/07/2015

	Wavelength (Å)
	0.82

	Cell dimensions
	

	    Spacegroup
	C121

	    a, b, c (Å)
	101.5, 65.9, 153.3

	 ()
	90.0, 101.0, 90.0

	Resolution (Å)
	53.47-1.50 (1.53-1.50)

	Rmerge
	0.045(0.724)

	I / I
	13.1(1.7)

	Completeness (%)
	99.9(99.9)

	
Refinement
	

	Resolution (Å)
	53.47-1.50

	No. reflections
	158693/7829

	Rwork / Rfree
	0.15/0.20

	No. atoms
	

	    Protein
	7967

	    Ligand/ion
	54

	    Water
	882

	B-factors
	

	    Protein
	25.1

	    Ligand/ion
	25.0

	    Water
	45.1

	R.m.s. deviations
	

	    Bond lengths (Å)
	0.0176

	    Bond angles ()
	1.87

	Ramachandran Statistics (%)
	

	Preferred
	980

	Allowed
	32

	Outliers
	5

	PDB codes
	


Rmerge = ∑hkl∑i|Ii - I |/∑hkl∑i I where Ii is the intensity of the ith measurement of a reflection with indexes hkl and I is the statistically weighted average reflection intensity.
R-factor = ∑||Fo| - |Fc||/∑|Fo| where Fo and Fc are the observed and calculated structure factor amplitudes, respectively. 
R-free is the R-factor calculated with 5 % of the reflections chosen at random and omitted from refinement. 
Root-mean-square deviation of bond lengths and bond angles from ideal geometry.
Percentage of residues in most-favoured/additionally allowed/generously allowed/disallowed regions of the Ramachandran plot, according to PROCHECK


3.4 [bookmark: _Toc1211947]BsuDppE structure determination 
3.4.1 [bookmark: _Toc1211948]BsuDppE expression and purification
A DNA fragment encompassing the coding sequence of BsudppE was amplified from Bacillus subtilis IG20 genomic DNA by the Polymerase Chain Reaction (PCR) using primers detailed in Appendix 7.1.1. This fragment encodes amino acid residues 21-521 where residue 1 is the N-terminal cysteine which becomes lipidated in vivo following removal of the signal peptide. This fragment was cloned into pETYSBLIC3C downstream of the coding sequence for an N-terminal hexa-histidine tag and a Human Rhinovirus 3C protease cleavage site as previously described. The recombinant protein has a theoretical molecular weight of 57.7 kDa and a theoretical isoelectric point (pI) of 5.1. The protein was produced and purified as previously described. The purification strategy for BsuDppE was identical to BsuOppA described in 3.3.1. 
BsuDppE was eluted from a nickel-NTA column as a single peak as judged by SDS-PAGE. BsuDppE containing fractions were pooled and subject to HRV3C cleavage before a second nickel affinity purification step. Peak fractions were again analysed by SDS-PAGE, combined and concentrated before size exclusion chromatography. The protein was eluted as a single peak at approximately 81 ml. Peak fractions were isolated and analysed by SDS-PAGE, Figure 3‑10, pooled and concentrated before being snap frozen and stored at -80 °C. 
Ligand free BsuDppE was also prepared following the same protocol as previously described for BsuOppA whereby soluble cellular extract was applied to a nickel-NTA column with unbound protein washed off the column in buffer A before a gradient of guanidine hydrochloride up to 2 M was applied. This gradient was then reduced in a step wise manner before elution of the protein by increasing imidazole concentration. Subsequent purification steps were identical to the standard BsuDppE preparation.
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[image: ]
[bookmark: _Ref513815571][bookmark: _Toc1212065]Figure 3‑10. Final purification of BsuDppE by size exclusion chromatography.
A shows the shows the elution profile of BsuDppE measured by absorbance at 280 nm from size exclusion chromatography. Two distinct absorbance peaks can be observed, peak 1 at approximately 70 ml and peak 2 at 82 ml. 
B shows the results of a 12% SDS-PAGE analysis for BsuDppE post size exclusion chromatography. The load sample is a sample of BsuDppE post HRV3C cleavage and clean up by nickel affinity chromatography. Peak 1 and 2 show clear bands corresponding to BsuDppE between 45.0 and 66.2 kDa.
To establish that both BsuDppE and ligand free BsuDppE were folded; circular dichroism (CD) experiments were performed as previously described. Figure 3‑11, shows the CD profile of both BsuDppE and ligand free BsuDppE. Both are folded with minor differences in the CD signal between the two proteins.
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[bookmark: _Ref516138810][bookmark: _Toc1212066]Figure 3‑11. Comparative CD spectrum for BsuDppE and ligand free BsuDppE. 
BsuDppE shown in black with ligand free protein shown in red. Figure created in Origin. 

Electrospray Time of Flight Mass Spectrometry was performed to ensure the proteins were of the expected molecular weight. A corrected mass of 57.795 kDa was recorded for BsuDppE indicating full length protein had been produced as this matches the predicted molecular weight of the mature protein, including remnants of the HRV3C cleavage site. 

3.4.2 [bookmark: _Ref515543507][bookmark: _Toc1211949]BsuDppE crystallisation
Crystallisation experiments with BsuDppE were performed in MRC-Wilden 96 well plates using the commercial screens PACT (Molecular Dimensions) and Index (Hampton Research). Optimisation of initial crystal hits was carried out in 24 well hanging drop experiments which varied buffer conditions, salt and precipitant concentrations. Crystals suitable for X-ray diffraction experiments were obtained in a 24 well hanging drop experiment where 1 μl of 13 mg/ml protein was mixed with 1 μl of mother liquor composed of 0.1 M Bis-Tris-Propane, 0.4 M MgCl2, 22.5% PEG3350, 2.5% DMSO, pH 8.5. 

3.4.3 [bookmark: _Ref514835406][bookmark: _Toc1211950]BsuDppE structure solution
A single crystal grown in the condition described in 3.4.2 was captured in a nylon loop and cryo-protected with mother liquor containing 30% ethylene glycol before being cooled in liquid nitrogen. X-ray diffraction data were collected at Diamond Light Source on beamline i03 to a resolution of 1.5 Å. 
X-ray data processing was carried out in Xia2 [91] in space group P1. It was expected that there would be three molecules in the asymmetric unit due to crystal packing constraints. Structure solution was carried out in CCP4i [92,93] and CCP4i2 [94]. The crystal structure of BsuDppE was solved by molecular replacement with the search model 4FAJ [112], the structure of the Enterococcus faecalis PrgZ pheromone receptor which shows a 33% similarity to BsuDppE. Molecular replacement was completed using Phaser [98]. Initial model building was completed using Buccaneer [99]. Residues 21 to 520 are well defined in the electron density map with the exception of breaks in the chain consisting of residues 259-265 in chain A, 260-263 in chain B and 256-271 in chain C. Iterative rounds of model building using COOT [102] and refinement in REFMAC5 [100,101] followed initial model building. Refinement statistics shown in Table 3‑2. 
Examination of the electron density map following molecular replacement revealed a portion of electron density in the binding pocket of BsuDppE that could not be attributed to protein atoms, Figure 3‑12. 
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[bookmark: _Ref513816296][bookmark: _Toc1212067]Figure 3‑12. Residual electron density observed in the binding pocket of BsuDppE
Image created in CCP4MG showing binding site residues and density observed in the difference density map (2Fo-Fc) in green chicken wire contoured at 3 σ.

Attempts to fit a conventional peptide in the observed residual density were unsuccessful. Recent experience in the lab prompted us to consider whether murein tripeptide might fit the observed density. Murein tripeptide, N-L-Ala1-D-Glu2-meso-diaminopimelic acid3 (mDAP), is a cell wall peptide used by bacteria to crosslink peptidoglycan. BsuDppE shows high structural similarity to MppA from E. coli (3o9p) [113] which has murein tripeptide bound. This tripeptide was fitted into the residual binding pocket electron density with relative ease, Figure 3‑13.
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[bookmark: _Ref513816350][bookmark: _Toc1212068]Figure 3‑13. Binding site of BsuDppE with murein tripeptide. 
Image created in CCP4MG showing murein tripeptide ligand in green (N- L-Ala-D-Glu-meso-diaminopimelic acid -C) in complex with BsuDppE. Residues involved in binding are shown in grey with bonding interactions shown as dashed black lines. The electron density map is displayed as blue chicken wire clipped to the murein ligand contoured to 1 σ.

The three molecules of BsuDppE in the asymmetric unit are very closely superimposable with pairwise positional rms values of 0.3 Å for 480 equivalent C atoms. Each chain consists of two lobes with lobe 1 comprising residues 20-273 and 494-521 and lobe 2 made up of residues 274 to 493 and again closely resembles other peptide binding proteins in overall structure. Pairwise superposition of the chains from the BsuDppE and BsuOppA structures gives and rms of 1.2 Å for 480 equivalent C atoms. Superposition of BsuDppE with OppA proteins of Listeria monocytogenes (PDB Entry: 5kzt) Borrelia burgdoferi (4gl8), Burkholderia pseudomallei (3zs6) S. typhimurium (1b58) and Escherichia coli (3tcf) as well as PrgZ from Enterococcus faecalis (4faj) and MppA from E. coli (3o9p) give high scoring hits with Z-values of 20, and rms values in the range 1.4-1.6 Å for 470-490 aligned residues.

3.4.4 [bookmark: _Toc1211951]Murein tripeptide binding model
Murein tripeptide in BsuDppE forms an extensive network of polar interactions with residues in the binding pocket. The ligand adopts identical conformations, Figure 3‑14, in all three molecules in the asymmetric unit with identical interactions with the protein. Figure 3‑13, shows the binding site of BsuDppE. The carboxylate side chain of Asp 426 forms an ion-pairing interaction with the α-amino group of Ala1 which forms additional charge-dipole interactions with the main chain carbonyl of Leu424 and with a water molecule. The carbonyl of Ala1 forms a hydrogen bond with the main chain N-H of Leu424. The N-H of D-Glu2 also hydrogen bonds with the main chain carbonyl of Phe423 (not shown in Figure 3‑13 for clarity). The α-carboxylate of D-Glu2 forms a two pronged salt bridge interaction with the side chain guanidinium group of Arg445. The carbonyl and N-H groups of the γ-peptide linkage between D-Glu2 and mDAP form hydrogen bonds with the main chain amide of Asn43 and the side chain hydroxyl of Ser422. A number of water molecules form interactions with the α-carboxylate of mDAP. The free amino group of mDAP forms charge-dipole interactions with the side chain amide oxygen of Gln273 and the main chain carboxyl of Asn493. The carboxylate forms a salt bridge to Arg237 in molecules A and C, though not in molecule B where additional hydrogen bonding to well defined water molecules occurs. 
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[bookmark: _Ref518483296][bookmark: _Toc1212069]Figure 3‑14. Comparison of binding site of the three molecules of BsuDppE in the asymmetric unit. 
A Differences between the three molecules of the asymmetric unit at position 237, Molecules A and C form a salt bridge interaction with mDAP whereas molecule B has a disordered (and not modelled) arginine side chain and instead interactions between mDAP and ordered water molecules are observed.
B Overlay of all three murein tripeptide ligands observed in the asymmetric unit, all three show identical conformations. 

3.4.5 [bookmark: _Toc1211952]BsuDppE ligand free crystallisation and structure solution
Crystallisation experiments with 9 mg/ml ligand free BsuDppE were performed in MRC-Wilden 96 well plates using the commercial screen PACT (Molecular Dimensions) using 150 nl of protein and 150 nl of mother liquor. A crystal suitable for X-ray diffraction experiments was grown in 0.1 M MIB, 25% PEG1500, pH 4.0. The crystal was captured in a nylon loop and cooled in liquid nitrogen.
X-ray diffraction data were collected at Diamond Light Source on beamline i02 to a resolution of 1.4 Å. X-ray data processing was carried out in Xia2 [91] in space group P212121. It was expected that there would be one molecule in the asymmetric unit due to crystal packing considerations. Structure solution was carried out in CCP4i2 [94]. The crystal structure of ligand free BsuDppE was solved by molecular replacement using chain A of the previously solved BsuDppE structure using Phaser [98] with the murein tripeptide ligand removed from the search model. Iterative rounds of manual model building using COOT [102] and refinement in REFMAC5 [100,101] followed initial model building by Phaser. Figure 3‑15 shows the overall structure of ligand free BsuDppE, no residual electron density was observed in the binding pocket. Superficially the ligand free BsuDppE structure closely resembles the murein tripeptide bound BsuDppE structure but with a substantial movement of lobe 1 compared to lobe 2. Refinement statistics are shown in Table 3‑2.
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[bookmark: _Ref514070562][bookmark: _Toc1212070]Figure 3‑15. Global structure of ligand free BsuDppE.
Image created in CCP4MG coloured from N to C terminus, blue to red. 


3.4.6 [bookmark: _Toc1211953]Crystal structure data table
[bookmark: _Ref516138578][bookmark: _Toc1212028]Table 3‑2. Refinement statistics for BsuDppE, murein bound and ligand free.
	
	BsuDppE
	Ligand Free BsuDppE

	Data collection
	
	

	Beamline/Date
	i04 14/02/2015
	i02 01/02/2016

	Wavelength (Å)
	0.98
	0.98

	Cell dimensions
	
	

	Spacegroup
	P1
	P212121

	    a, b, c (Å)
	60.9, 61.3, 124.1
	54.5,91.1, 106.7

	 ()
	78.1, 82.7, 61.6
	90.0, 90.0, 90.0

	Resolution (Å)
	53.17-1.51(1.55-1.51)
	54.53-1.40(1.42-1.40)

	Rmerge
	0.046(0.758)
	0.046(0.348)

	I / I
	10.3(1.1)
	21.4(3.3)

	Completeness (%)
	96.1(93.6)
	99.8(98.2)

	
Refinement
	
	

	Resolution (Å)
	53.17-1.51
	54.53-1.40

	No. reflections
	232901/11467
	780206/22351

	Rwork / Rfree
	0.17/0.22
	0.18/0.22

	No. atoms
	
	

	    Protein
	11743
	4018

	    Ligand/ion
	165
	-

	    Water
	1126
	512

	B-factors
	
	

	    Protein
	7.5
	18.5

	    Ligand/ion
	27.7
	-

	    Water
	30.7
	26.8

	R.m.s. deviations
	
	

	    Bond lengths (Å)
	0.0302
	0.0348

	    Bond angles ()
	2.632
	2.835

	Ramachandran Statistics (%)
	
	

	Preferred
	1416
	482

	Allowed
	39
	15

	Outliers
	8
	2

	PDB codes
	
	


Rmerge = ∑hkl∑i|Ii - I |/∑hkl∑i I where Ii is the intensity of the ith measurement of a reflection with indexes hkl and I is the statistically weighted average reflection intensity.
R-factor = ∑||Fo| - |Fc||/∑|Fo| where Fo and Fc are the observed and calculated structure factor amplitudes, respectively. 
R-free is the R-factor calculated with 5 % of the reflections chosen at random and omitted from refinement. 
Root-mean-square deviation of bond lengths and bond angles from ideal geometry.
Percentage of residues in most-favoured/additionally allowed/generously allowed/disallowed regions of the Ramachandran plot, according to PROCHECK



3.5 [bookmark: _Toc1211954]Ligand binding studies
3.5.1 [bookmark: _Ref514939465][bookmark: _Toc1211955]BsuOppA ligand binding studies by thermal shift assay
[bookmark: _Ref513816445]Ligand binding studies by thermal shift assay were performed as described in Section 2.5.1 using a variety of ligands as described in Table 3‑3, which also summarises the results obtained. Peptide selection was based partially on previous binding studies on BsuOppA and BsuAppA [29] where binding of Arg-Gly-Gly, Gly-Leu-Gly-Leu and Ser-Leu-Ser-Gln-Ser was observed with BsuOppA. All peptides were commercially available with PhrA and PhrE being synthesised by Genscript. 
[bookmark: _Ref516140858][bookmark: _Toc1212029]Table 3‑3. Ligand binding screen of BsuOppA by thermal shift assay.
Summary of ligands screened for binding with BsuOppA by thermal shift assay. Ligand binding is represented by a thermal shift, i.e. a change in melting temperature compared to ligand free protein alone, shown in degrees Celsius. 
	Ligand
	Binding observed?
	Thermal shift observed (°C)

	Lys-Lys-Lys-Lys
	Yes
	4.5

	Val-Ala-Pro-Gly
	Yes
	8.9

	Ala-Arg-Asn-Gln-Thr (PhrA)
	Yes
	12.0

	Ser-Arg-Asn-Val-Thr (PhrE)
	Yes
	20.2

	Ser-Asn-Ser-Ser
	Yes
	16.4

	Asp-Asp-Asp-Asp
	No
	-

	Gly-Arg-Gly-Asp-Ser-Pro-Lys
	No
	-

	Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys
	No
	-

	Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys-Pro
	No
	-

	Ala-D-Glu-γ-Lys-D-Ala-D-Ala
	No
	-



Binding was observed for five ligands (Lys-Lys-Lys-Lys, Val-Ala-Pro-Gly, Ala-Arg-Asn-Gln-Thr, Ser-Arg-Asn-Val-Thr and Ser-Asn-Ser-Ser). These ligands were taken forward into Isothermal Titration Calorimetry experiments to determine a binding constant. The results obtained here and in previous work [29] suggest that BsuOppA has a propensity to bind tri, tetra and pentapeptides with both positively charged and polar side chains rather than longer peptides and those with negatively charged side chains. 
Figure 3‑16, shows a typical thermal shift obtained for BsuOppA in the presence of Lys-Lys-Lys-Lys and of the corresponding protein only control. 
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[bookmark: _Ref514674006][bookmark: _Toc1212071]Figure 3‑16. Thermal shift assay showing BsuOppA with Lys-Lys-Lys-Lys. 
Normalised fluorescence is plotted against a temperature gradient to determine the melting temperature for protein only control and protein plus ligand. An increase in melting temperatures implies a binding event has occurred to increase the thermal stability of the protein. Here a shift of approximately 4 °C is observed. Data points are raw data, lines are fitted. 

3.5.2 [bookmark: _Toc1211956]BsuOppA ligand binding studies by Isothermal Titration Calorimetry 
[bookmark: _Ref513816464]Isothermal Titration Calorimetry (ITC) was used to measure the binding constants of ligands which showed binding to BsuOppA by thermal shift assay. ITC experiments were performed as described in Section 2.5.2 using an AutoiTC200 (GE Healthcare). Experiments were performed in triplicate using the ligands detailed in Table 3‑4, which also details the binding affinities observed. 
[bookmark: _Ref525201932][bookmark: _Toc1212030]Table 3‑4. Results of ITC experiments with BsuOppA. 

	Ligand
	Observed affinity (μM)
	ΔH (kJmol-1)
	ΔG (kJmol-1)
	N

	PhrA
	21.3 ± 1.60
	17.3 ± 0.77
	-26.6 ± 0.40
	1.35 ± 0.02

	PhrE
	21.0 ± 1.53
	20.3 ± 0.40
	-32.2 ± 0.22
	0.81 ± 0.01

	Ser-Asn-Ser-Ser
	0.44 ± 0.03
	-30.4 ± 0.25
	-36.1 ± 0.17
	1.37 ± 0.22

	Val-Ala-Pro-Gly
	10.0 ± 1.74
	12.6 ± 0.64
	-28.9 ± 0.50
	0.78 ± 0.01

	Lys-Lys-Lys-Lys
	Not recorded
	-
	-
	-



It was not possible to obtain a binding constant for BsuOppA with Lys-Lys-Lys-Lys, however, binding constants in the tens of micromolar range were determined for PhrA, PhrE and Val-Ala-Pro-Gly. A binding affinity of 0.44 ± 0.04 μM was obtained for BsuOppA with Ser-Asn-Ser-Ser, the peptide modelled in the crystal structure of BsuOppA described in 3.3.3. It is perhaps not surprising that this ligand showed highest affinity given it was co-purified with BsuOppA from an E. coli expression system. PhrA and PhrE show similar binding affinities to BsuOppA which is to be expected as these ligands only differ in sequence at two out of five positions. 
[image: ]
[bookmark: _Toc1212072]Figure 3‑17. Representative ITC results for BsuOppA with PhrE. 



3.6 [bookmark: _Toc1211957]Crystal structure of BsuOppA in complex with PhrE 
3.6.1 [bookmark: _Ref525035292][bookmark: _Toc1211958]Crystallisation and structure solution 
Crystallisation experiments were performed in MRC-Wilden 96 well plates using the commercial screens PACT (Molecular Dimensions) and Index (Hampton Research) with material recovered directly from ITC experiments with BsuOppA and ligands PhrA and PhrE. Crystals were obtained for both BsuOppA with PhrA and PhrE. No X-ray diffraction was observed with BsuOppA-PhrA crystals. 
A single crystal of BsuOppA with PhrE was grown in 0.1 M SPG (succinic acid, sodium dihydrogen phosphate, glycine,) 25% (w/v) PEG 1500 pH 4.0, fished and cooled in liquid nitrogen. X-ray diffraction data were collected at Diamond Light Source on beamline i04-1 to a resolution of 1.9 Å. X-ray data processing was carried out in Xia2 [91] in space group C121. It was expected that there would be one molecule in the asymmetric unit due to crystal packing considerations. Structure solution was carried out in CCP4i2 [94]. The crystal structure was solved by molecular replacement using chain A of the previously solved BsuOppA structure without the tetrapeptide ligand using Phaser [98]. Iterative rounds of manual model building using COOT [102] and refinement in REFMAC5 [100,101] followed initial model building by Phaser. A portion of electron density that could not be attributed to main chain protein atoms was observed in the binding pocket of BsuOppA into which a pentapeptide corresponding to the sequence of PhrE (N-Ser1-Arg2-Asn3-Val4-Thr5-C) was placed, Figure 3‑18. Refinement statistics shown in Table 3‑5. 
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[bookmark: _Ref514676085][bookmark: _Toc1212073]Figure 3‑18. Binding site of BsuOppA in complex with PhrE. 
Upper: Binding site residues in gold and density observed in the difference density map (2Fo-Fc) in green chicken wire contoured at 3 σ. Modelled ligand shown in ball and stick representation with carbons coloured green.
Lower: Binding site residues in gold and refined density map contoured to 1 σ in blue chicken wire, ligand in ball and stick representation with carbons coloured green. 
Image created in CCP4MG

3.6.2 [bookmark: _Toc1211959]PhrE binding model
Similar interactions are observed in the binding site of BsuOppA in complex with PhrE compared to the tetrapeptide Ser-Asn-Ser-Ser. In the PhrE structure, the α-amino group at the N-terminus of the ligand forms an interaction with the carboxylate of Asp429 as well as an interaction the backbone carbonyl of Leu427. In contrast with the binding mode of the tetrapeptide ligand, the C terminus of PhrE is anchored by the hydroxyl group of Tyr496 with His381 forming an interaction with the peptide bond carbonyl between Val4 and Thr5. Additional β sheet like interactions are formed between residues 39, 41, 376 and 425 and PhrE. A side chain interaction is seen between Asp449 and the side chain guanidinium group of Arg2. An intramolecular interaction is also seen between the C terminus and the side chain of Asn3. The peptide bond carbonyl between Asn3 and Val4 also forms an interaction with the side chain guanidinium group of Arg423. 


3.6.3 [bookmark: _Toc1211960]Crystal structure data table
[bookmark: _Ref516143129][bookmark: _Toc1212031]Table 3‑5. Refinement statistics for PhrE bound BsuOppA
	
	BsuOppA-PhrE

	Data collection
	

	Beamline/Date
	i04-1 15/04/2018

	Wavelength (Å)
	0.92

	Cell dimensions
	

	Space group
	C121

	    a, b, c (Å)
	83.9, 63.7, 100.1

	 ()
	90.0, 114.4, 90.0

	Resolution (Å)
	52.21-1.94(1.94-1.90)

	Rmerge
	0.223(0.969)

	I / I
	3.2(1.2)

	Completeness (%)
	100(100)

	
Refinement
	

	Resolution (Å)
	52.21-1.90

	No. reflections
	37776/1810

	Rwork / Rfree
	0.23/0.32

	No. atoms
	

	    Protein
	4008

	    Ligand/ion
	40

	    Water
	208

	B-factors
	

	    Protein
	25.6

	    Ligand/ion
	25.3

	    Water
	36.3

	R.m.s. deviations
	

	    Bond lengths (Å)
	0.0117

	    Bond angles ()
	1.477

	Ramachandran Statistics (%)
	

	Preferred
	483

	Allowed
	22

	Outliers
	4

	PDB codes
	


Rmerge = ∑hkl∑i|Ii - I |/∑hkl∑i I where Ii is the intensity of the ith measurement of a reflection with indexes hkl and I is the statistically weighted average reflection intensity.
R-factor = ∑||Fo| - |Fc||/∑|Fo| where Fo and Fc are the observed and calculated structure factor amplitudes, respectively. 
R-free is the R-factor calculated with 5 % of the reflections chosen at random and omitted from refinement. 
Root-mean-square deviation of bond lengths and bond angles from ideal geometry.
Percentage of residues in most-favoured/additionally allowed/generously allowed/disallowed regions of the Ramachandran plot, according to PROCHECK


3.7 [bookmark: _Toc1211961]Discussion 
3.7.1 [bookmark: _Toc1211962]Physiological role for the BsuDpp system
As seen in 3.4.3, BsuDppE co-purified and co-crystallised with murein tripeptide. This tripeptide (N-L-Ala1-D-Glu2-mDAP3-C) forms part of the bacterial cell wall formed of peptidoglycan. Peptidoglycan is a polymer formed from repeating sugar chains of β-(1-4) linked N-acetylglucosamine and N-acetylmuramic acid. These sugar chains are cross-linked with short peptide chains, which are coupled to form a mesh like structure. In E. coli, a pentapeptide, N-L-Ala1-D-Glu2-mDAP3-D-Ala4-D-Ala4-C, is used to cross-link the sugar chains [114], Figure 3‑19. B. subtilis, shares the same peptidoglycan architecture as E. coli [115]. 

[image: ]
[bookmark: _Ref515019684][bookmark: _Toc1212074]Figure 3‑19. Peptidoglycan repeating unit structure in Bacillus subtilis. 
Repeating unit of GlcNAc, MurNAc and pentapeptide cross-link. Cross-linking between peptide chains is achieved through carboxyl terminal of D-Ala and mDAP side chain. Figure created in ChemDraw. 

The Bsudpp operon is formed of five protein encoding genes, dppABCDE where dppA encodes a D-alanyl-aminopeptidase, dppB/C encode permeases, dppD encodes an ATPase and dppE encodes the solute binding protein. Immediately downstream of the Bsudpp operon are four co-transcribed genes, ykfABCD [116]. The predicted functions of the gene products consist with a role in peptidoglycan degradation with DppA being a zinc dependent D-aminopeptidase [117], YkfA likely to be a murein peptide carboxypeptidase, YkfB an L-Ala-D/L-Glu epimerase and YkfC a D-glutamyl-L-amino acid peptidase [118] and YkfD similar to an ABC transporter permease. Degradation of the pentapetide after it is cleaved from MurNAC likely proceeds as shown in Figure 3‑20, whereby DppA cleaves the peptide bond between the two D-alanine residues [117] before YkfA cleaves the second D-alanine resulting in murine tripeptide as seen in the crystal structure of BsuDppE. Subsequently, YkfC would cleave the mDAP from the tripeptide resulting in a dipeptide formed of L-Ala and D-Glu [118]. This dipeptide could be further modified by the epimerase YkfB to result in an L-Ala-L-Glu dipeptide. 
[image: ]
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[bookmark: _Ref534904184][bookmark: _Toc1212075]Figure 3‑20. Schematic representation of peptidoglycan degradation pathway and genomic overview of dpp/ykf genomic locus.  
Upper: Overview of gene arrangement of dpp and ykf operons
Lower: Overview of degradation pathway of the peptide component of the peptidoglycan repeating unit. 
BsuDppE was previously thought to be a dipeptide transporter involved in the uptake of a proline-glycine dipeptide. Given that the Bsudpp operon is collocated with the degradation pathway for peptidoglycan and that the structure of BsuDppE solved here contains the murine tripeptide ligand, it would seem likely that the operon has been mislabelled, though it is still possible that BsuDppE may be capable of binding a dipeptide as ligand binding studies with BsuDppE have not been carried out here. This operon is regulated by CodY [34-36] whereby it is repressed during vegetative growth and de-repressed during starvation and sporulation conditions. During sporulation, extensive peptidoglycan remodelling and thinning occurs during the asymmetric septum formation and through the SpoIIDPM machinery [119]. It is possible the dpp and ykf gene products are involved in recycling of material released by the SpoIIDPM complex. 
3.7.2 [bookmark: _Ref515543664][bookmark: _Toc1211963]BsuDppE ligand binding
Ligand binding in BsuDppE causes a significant movement in the protein to completely enclose the ligand, analogous to a Venus flytrap. Figure 3‑21, shows the overall structure of ligand free BsuDppE, overall structure of ligand bound BsuDppE and the ligand free structure with ligand superimposed. 
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[bookmark: _Ref514933587][bookmark: _Toc1212076]Figure 3‑21. Overall structures of ligand free BsuDppE and ligand free BsuDppE with murein ligand superimposed into the binding pocket and ligand bound BsuDppE. 
Ribbon tracing of chain A from the crystal structure of DppE. The chain is colour ramped from the N-terminus (blue) to the C-terminus (red) with calculated surface in grey. Ligand shown in sphere representation. Figure created in CCP4MG.97

Analysis using the programme DynDom suggests the structural change can be described as an inter-lobe rotation of 33° with the most significant changes in main chain conformation occurring at residues 273-277 and 492-494 which form the connecting peptides between the lobes. PISA analysis suggests ligand free BsuDppE has a total surface area of 21191 Å2 and the ligand bound structure has an average total surface area of 20153 Å2, a difference of 1038 Å2. 
BsuDppE shares similarity with the E. coli protein MppA in the binding mode of murein tri-peptide. EcMppA and BsuDppE are 32% identical to each other and share key binding residues. Asp426 in BsuDppE corresponds to Asp417 in EcMppA, both of these residues tether the α-amino group in Ala1. In both structures, the α-carboxylate of Glu2 forms a salt bridge with an arginine side chain, Arg445 in BsuDppE and Arg402 in EcMppA. Though Arg445 and Arg402 have an identical function in both proteins, they originate from different parts of the protein sequences as seen in Figure 3‑22. A subtle difference in binding modes occurs for the two carboxylates of mDAP. In EcMppA, the first carboxylate group forms an interaction with the side chain of Arg411 and the second carboxylate forms interactions with water molecules. In BsuDppE, these interactions are reversed with the second carboxylate interacting with Arg237 and the first interacting with ordered water molecules, Figure 3‑22.
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[bookmark: _Ref534905126][bookmark: _Ref515358637][bookmark: _Toc1212077]Figure 3‑22. Overlay of BsuDppE and EcMppA
Upper: Overlay of the binding sites of BsuDppE shown in grey and EcMppA shown in gold. Water molecules coordinating mDAP carboxylates shown in respective colours. 
Lower: Comparison of the position of arginine side chains in BsuDppE and EcMppA which coordinate the α-carboxylate of D-Glu in murein tripeptide.

3.7.3 [bookmark: _Toc1211964]BsuOppA peptide binding
As seen in 3.5.1, BsuOppA is capable of binding both tetra and pentapeptides. Positively charged amino acids and those with polar side chains appear to be favoured over those with negatively charged side chains [120]. No binding was observed for longer peptides. Previous work has shown that BsuAppA can bind peptides of up to nine amino acids residues in length [29,37]. It has been assumed that BsuOppA and BsuAppA are general peptide uptake systems capable of binding a variety of peptide ligands. However, these proteins also have a role in uptake of specific signalling peptides, the Phr peptides. These peptides are exported from the cell into the extracellular environment by the Sec apparatus. It is assumed that proteolytic cleavage occurs in the medium before they are reimported as pentapeptides by the BsuOpp/App systems. Specificity may arise from residues interacting with ligand side chains as seen in the BsuOppA-PhrE structure, Figure 3‑23. A two pronged salt bridge is formed between Asp449 and Arg2 in the PhrE structure, this is not seen in the tetrapeptide structure. 


[image: ]
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[bookmark: _Ref515022061][bookmark: _Ref516143270][bookmark: _Toc1212078]Figure 3‑23. Comparison of ligand position 2 side chain binding in BsuOppA. 
Upper: BsuOppA-PhrE ligand position 2 bonding network.
Lower: BsuOppA-tetrapeptide position 2 bonding network.
BsuOppA shown in gold cylinders, ligands in green cylinders. Figure created in CCP4MG.

As seen in Figure 3‑23, the Arg2 side chain of the PhrE ligand forms a salt bridge with Asp449. This side chain interaction is not seen in the tetrapeptide bound structure. PhrA (Ala-Arg-Asn-Gln-Thr) shares the same residue at position 2 as PhrE. As such Asp449 is likely to play a role in binding specific peptides. Tyr496 may also play a role in binding of specific peptides as in the PhrE bound structure, it forms an interaction with the C-terminus of the ligand, and no interaction is seen in the tetrapeptide bound structure. The overlay reveals that many binding site residues occupy the same positions in both structures, e.g. His381 indicating that these residues may be involved in general peptide binding. 
Superposition of the tetra and pentapeptide bound structures of BsuOppA reveal that they can be closely overlaid with rmsΔ of 0.28 over 508 residues. Residues involved in binding the ligands can also be closely overlaid, Figure 3‑24, with the largest variation in position 449, the aspartate residue involved in binding the arginine in ligand position 2. The Cα positions of the ligands are also closely overlaid with the peptide bond linking residues four and five in the pentapeptide ligand closely lining up with the C-terminus of the tetrapeptide ligand. Thus it appears that the pentapeptide ligand is not contorted to fit in the binding pocket of BsuOppA. Instead, the additional residue in the pentapeptide may displace water molecules in the binding pocket. 
Comparison of the binding affinities of the tetra and pentapeptide ligands with BsuOppA reveals that the tetra peptide binds with higher affinity than the pentapeptide ligands despite the specific interaction observed between Asp449 and the glutamic acid in position 2 of the pentapeptide which is not observed in the tetrapeptide. It is likely that the difference in binding affinity is due to entropic reasons though this has not been explored in detail. 
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[bookmark: _Ref534982596][bookmark: _Toc1212079]Figure 3‑24. Overlay of the BsuOppA binding site showing tetrapeptide bound structure and pentapetide bound. 
Tetrapeptide structure shown in coral, pentapetide structure shown in gold, ligands shown in ball and stick representation and binding site residues shown in cylinder representation. Superposition of these two structures gives rmsΔ of 0.28 over 508 residues, indicating that the structures are highly similar to each other. 

3.7.4 [bookmark: _Toc1211965]B. subtilis peptide binding protein complement
As well as the afore mentioned ABC peptide transporter systems, the B. subtilis genome also encodes other peptide transporter systems known as Proton dependent Oligopeptide Transporters (POTs). POT transporters are a family of secondary active transporters which uptake substrates by utilising a proton electrochemical gradient [121]. Typically, these transporters contain 12 transmembrane helices arranged in two six-helix bundles and uptake short oligopeptides such as di and tripeptides which can largely be of any sequence. Import of the substrates involves the transporter initially being in an ‘outward facing state’ which allows the substrate and driving ion to bind. This then causes the transporter to transition to an occluded conformation before another conformational change occurs to release the substrate and driving ion into the cell, this final state is known as the inward facing state. The transporter can then reset back to the outward facing state allowing further transport to occur [122,123]. 
YclF/DtpT is one POT transporter found in B. subtilis, others include YjdL and DtpD. All are described as putative di and tripeptide transporters. These transporters have not been extensively studied though there have been investigations into DtpT [124]. Since POT transporters can uptake short oligopeptides with a wide range of sequences in other organisms, it stands to reason that the B. subtilis POT transporters can also uptake a range of short peptides. 
The POT transporters are likely therefore to complement the ABC peptide transporters, BsuOpp, BsuDpp and BsuAppA. It is likely that the POT transporters will uptake the wide variety of di and tripeptides found in the environment with BsuOpp up taking tri, tetra and pentapeptides and BsuAppA able to up take longer peptides. BsuDpp would appear to be a specialist transport system involved in the uptake of components of the bacterial cell wall. These combined systems would allow B. subtilis to survive on a wide range of peptide substrates and is perhaps not surprising since the organism usually resides in the soil environment where a wide variety of nutrients are likely to be encountered. 
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Chapter 4 [bookmark: _Toc1211966]– Clostridioides difficile peptide transport
4.1 [bookmark: _Toc1211967]Chapter introduction
4.1.1 [bookmark: _Toc1211968]Sporulation in Clostridioides difficile
Clostridioides difficile is a Gram-positive, spore forming obligate anaerobe formerly known as Clostridium difficile [10]. C. difficile is one of the leading causes of antibiotic associated diarrhoea [125] especially in the hospital environment; infections can range in severity from mild diarrhoea to death. Transmission occurs through the faecal-oral route or by contact with C. difficile spores. Sporulation initiation in C. difficile principally occurs upon exposure to oxygen with spores extremely persistent in the environment as they are resistant to standard alcohol based antiseptics commonly used to disinfect surfaces. C. difficile infection (CDI) is underpinned by two toxins (A and B), both of which are monoglucosyltransferases which target the Ras superfamily of GTPases and irreversibly glucosolate Rho which causes a disruption in the cell cytoskeleton leading to cell rounding and ultimately cell death [126]. 
Patients with CDI are treated with metronidazole and/or vancomycin therapy for 10 to 14 days with most patients responding well to initial treatment. Recurrent CDI occurs in approximately 20-30% of patients with increasing rates of recurrence with subsequent episodes [127,128]. Relapse of infection is often more difficult to treat and may require prolonged use of antibiotics and use of immunoglobulins [129].
Though C. difficile is an endospore forming bacterium like Bacillus subtilis, knowledge of its spore biology lags behind that of B. subtilis principally due to the bacterium not being amenable to genetic manipulation. Spore formation in C. difficile involves four key morphogenetic stages described in Figure 4‑1 [89,130]. 
[image: ]
[bookmark: _Ref522276564][bookmark: _Toc1212080]Figure 4‑1. Stages of spore development in C. difficile. 
Like other endospore forming bacteria, Stage I sees an asymmetric cell division generating a larger mother cell and smaller forespore. The mother cell completely engulfs the forespore during Stage II. Differential gene expression occurs in each compartment because of compartment specific RNA polymerase sigma factor activation. During Stage III, the spore cortex and coat layers are assembled resulting in an architecture that is conserved amongst endospore formers. The mother cell lyses in Stage IV releasing the mature spore into the environment. This spore may then germinate back to a vegetative life cycle if the spore detects so called germinants [131].

4.1.2 [bookmark: _Toc1211969]Sporulation initiation
C. difficile and B. subtilis share key common regulatory architecture in the sporulation initiation pathway with Spo0A serving as the master regulator of initiation in both organisms [15]. CodY is also present in C. difficile and negatively regulates sporulation [132] through regulation of genes including spo0A, and two oligopeptide permease encoding operons opp and app.  Phosphorylated Spo0A activates transcription of the compartment specific sigma factors σF in the forespore and σE in the mother cell. In B. subtilis, membrane bound histidine kinases phosphorylate the intermediate protein Spo0F which in turn transfers the phosphate to Spo0B before it is transferred to Spo0A. The C. difficle genome does not contain orthologues of spo0F nor spo0B. As such, Spo0A is directly phosphorylated in C. difficile by histidine kinases [133].
One mechanism that controls Spo0A phosphorylation in B. subtilis is through the uptake of small, quorum signalling peptides known as Phr peptides which are imported through the oligopeptide permeases Opp and App which are ATP-binding cassette transporters (ABC transporters). These imported peptides contribute to the induction of sporulation by inhibiting Rap phosphatases. It should be noted however, that the primary function of Opp and App in bacteria is in the transport of small, heterogeneous peptides as a nutrient source [134]. The C. difficile genome encodes, by sequence analysis, orthologues of opp, app and two rap phosphatases but appears to lack Phr orthologues.
The opp and app operons in C. difficile each consist of five genes. The opp operon consists of a single transcription unit, oppABCDF while the app operon is arranged in two divergently transcribed operons, appABC and appDF. As in other ABC oligopeptide transporters, the systems are formed of an extracellular solute binding protein, integral membrane spanning protein that form a channel and cytoplasmic ATPases. In C. difficile, the solute binding proteins are encoded by oppA and appA with the integral membrane permeases being encoded by oppBC and appBC. The ATPases are encoded by oppDF and appDF. CdOppA has 24% sequence identity to BsuOppA, CdAppA has 31% sequence identity to BsuAppA. Similarly to the B. subtilis solute binding proteins, both CdOppA and CdAppA possess N-terminal cysteine residues which are lipidated to anchor the proteins in the cell membrane. 
Recently, knockouts of opp, app and an opp/app double knockout in C. difficile were generated to investigate the effects on sporulation initiation. Curiously, the absence of app and absence of both app and opp leads to an increase in sporulation frequency in vivo as well as earlier and increased expression of sporulation genes [88]. In contrast, knock out of opp/app in B. subtilis causes a sporulation defect [20]. As such, it was postulated that the C. difficile Opp and App transporters indirectly inhibit sporulation through uptake of peptides thus increasing the availability of intracellular nutrients as described in Figure 4‑2. This indirect effect is achieved through the transcriptional regulator SinR and its predicted putative inhibitor SinI. 
[image: ]
[bookmark: _Ref524009828][bookmark: _Toc1212081]Figure 4‑2. Proposed mechanism of peptide modulation of sporulation initiation in C. difficile
It is proposed that an increase in intracellular nutrients, here peptides, imported by Opp/App inhibits Spo0A-phosphate through putative regulatory effects of SinR. SigH is an alternative stationary phase sigma factor. CcpA is a global regulatory protein like CodY and mediates carbon catabolite repression. Dashed arrows represent indirect effects; grey lines indicate putative regulatory effects. Figure adapted from Edwards et al [88].

In an attempt to show a link between peptide uptake and sporulation in C. difficile, random 5 and 10 residue peptides were used to supplement defined minimal media as the sole source of amino acids  for wild type and app/opp mutants. Neither wild type nor mutant strains were able to utilise these random peptides as a sole amino acid source [88]. As such, the precise peptide ligands transported by these systems remain a mystery. Solute binding proteins of ABC transporters are highly soluble and when produced recombinantly often co-purify with their native ligands. Thus to address the peptide specificity of CdOppA and CdAppA we sought to crystallise both proteins and determine their structure. As such, constructs of both targets were designed for intracellular expression and purification of soluble proteins for structural and ligand binding studies. 

4.2 [bookmark: _Toc1211970]Construct design
The protein sequences of CdOppA and CdAppA were analysed using SignalP [108] and GlobPlot [109] to determine the location of signal peptides and predicted disordered domains to assist with construct design. Both proteins have N-terminal cysteine residues immediately adjacent to signal peptide cleavage sites typical of Gram-positive proteins where lipidation occurs to anchor the protein into the membrane. GlobPlot predicts globular domains from residues 24 and 25 for CdOppA and CdAppA respectively where residue 1 is the N-terminal cysteine.  As such, constructs were designed to start close to these sites.

4.3 [bookmark: _Ref525035476][bookmark: _Toc1211971] CdOppA structure determination
4.3.1 [bookmark: _Toc1211972]CdOppA expression and purification
A DNA fragment encompassing the coding sequence of C. difficile OppA was amplified from C. difficile 630 genomic DNA by PCR using primers detailed in Section 7.2.1. This fragment encodes residues 25-502 where residue 1 is the N-terminal cysteine. This fragment was cloned into pETYSBLIC3C downstream of an N-terminal hexa-histidine tag and HRV3C cleavage site as per Section 2.1.1. The encoded protein has a calculated molecular weight of 53.9 kDa and an inferred isoelectric point of 5.1. The protein was expressed and purified following the standard expression and purification strategy previously described whereby soluble cellular extract was applied to a nickel-NTA column with unbound protein washed through the column in buffer A and bound histidine tagged protein eluted by an increasing imidazole concentration gradient. Recombinant protein-containing fractions were pooled and then subjected to overnight HRV3C cleavage to remove the histidine tag, coupled with dialysis to reduce the imidazole concentration. This material was then reapplied to a nickel-NTA column to separate cleaved and uncleaved protein. Histidine tag cleavage was inefficient with a significant quantity of protein remaining uncleaved, Figure 4‑3. The flow through peak corresponds to cleaved protein as it is eluted in the wash step; the second peak observed corresponds to uncleaved CdOppA as this is eluted in the imidazole gradient. As there was significantly more uncleaved protein than cleaved, it was decided to concentrate this sample and fractionate it on a size exclusion chromatography column before aliquoting and freezing. The small amount of cleaved protein was discarded. 
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[bookmark: _Ref522276648][bookmark: _Toc1212082]Figure 4‑3. Purification of CdOppA post histidine tag cleavage.
A Elution profile of CdOppA post histidine tag cleavage measure by absorbance at 280 nm following nickel affinity chromatography. Cleaved protein observed in wash fraction, histidine tagged protein eluted in imidazole gradient. 
B 12% SDS-PAGE analysis of CdOppA post nickel affinity purification. Pre and Post samples are samples of CdOppA before and after addition of HRV3C protease respectively. Flow through samples correspond to cleaved protein and peak fractions correspond to uncleaved protein. 
4.3.2 [bookmark: _Toc1211973]CdOppA crystallisation trials
Crystallisation experiments with CdOppA were performed in MRC-Widen 96 well plates using a wide variety of commercially available crystallisation screens. A range of protein concentrations were also trialled in an attempt to obtain crystals of CdOppA. A variety of possible crystal hits were obtained as shown in Figure 4‑4. 

[image: ]
[bookmark: _Ref522276669][bookmark: _Toc1212083]Figure 4‑4. Poor quality crystals obtained in 96 well crystallisation experiments
A: Crystals grown in 0.1 M Bicine, 3.2 M Ammonium sulfate pH 9.0 (150 nl mother liquor, 150 nl protein 55 mg/ml)
B: Crystals grown in 3.5 M Ammonium sulfate (150 nl mother liquor, 150 nl protein 55 mg/ml)

Several of the crystal like materials above were tested for X-ray diffraction, but none was observed. Crystalline material from 0.1 M Bicine, 3.2 M Ammonium sulfate pH 9.0 was used to make a seeding stock by way of micro-seeding using a micro-centrifuge tube containing a Seed Bead (Hampton Research). New crystal forms were obtained, Figure 4‑5, and again these were tested for X-ray diffraction but again none was observed. 
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[bookmark: _Ref522276682][bookmark: _Toc1212084]Figure 4‑5. Crystals obtained in 96 well crystallisation experiments with seeding
A: Crystals grown in 0.05 M Calcium chloride dihydrate, 0.1 M Bis-Tris, 30% PEG monomethyl ether 550, pH 6.5 (150 nl mother liquor, 150 nl protein 55 mg/ml)
B: Crystals grown in 0.05 M Calcium chloride dihydrate, 0.1 M Bis-Tris, 30% PEG monomethyl ether 550, pH 6.5 (150 nl mother liquor, 150 nl protein 55 mg/ml)
4.3.3 [bookmark: _Toc1211974]CdOppA structure prediction and construct redesign
As the search for diffracting crystals of CdOppA was unsuccessful, the construct design was revisited. Structural modelling was performed using i-TASSER [135-137] and Phyre2 [138], Figure 4‑6. 
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[bookmark: _Ref522276699][bookmark: _Toc1212085]Figure 4‑6. Overlay of structural models of CdOppA from i-TASSER and Phyre2. 
Model from Phyre2 in blue, model from i-TASSER in coral. Figure created in CCP4MG. 

Aligning structural predictions from i-TASSER and Phyre2 with the previous CdOppA construct sequence suggested that an N-terminal β strand was absent in the construct, Figure 4‑7, corresponding to residues 17-23 where residue 1 is the N-terminal cysteine. To compensate for this, a new construct was designed to start from residue 2. 
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[bookmark: _Ref522276715][bookmark: _Toc1212086]Figure 4‑7. Overlay of structural models of CdOppA generated using i-TASSER and Phyre2. 
Model from Phyre2 in blue, model from i-TASSER in coral. Truncated β-sheet from original construct shown in green (light green for Phyre 2 model, dark green for i-TASSER model). Sequence below is representative of the N-terminal region of CdOppA showing original and new construct start sites, N-terminal cysteine residue shown in red. Figure created in CCP4MG. 

4.3.4 [bookmark: _Toc1211975]Cloning and expression of new CdOppA construct
DNA encoding the new CdOppA construct was amplified from an E. coli codon optimised full-length gene synthesised by Genscript using primers detailed in Appendix 7.2.1. This nucleotide sequence encodes to amino acid residues 2 to 502 encoding a protein with a calculated molecular weight of 56.2 kDa and inferred isoelectric point of 5.2. Again, this nucleotide sequence was cloned into pETYSBLIC3C, expressed and purified as previously described. This construct was again eluted from the first nickel affinity column as a single peak which was then digested with HRV3C protease. This material was then passed over a second nickel affinity column with only one peak being observed in the wash fractions indicating complete cleavage of the histidine tag unlike the original construct which did not cleave well, Figure 4‑8. 
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[bookmark: _Ref522276731][bookmark: _Toc1212087]Figure 4‑8. Purification of second CdOppA construct post histidine tag cleavage.
A Elution profile of CdOppA post histidine tag cleavage measure by absorbance at 280 nm following nickel affinity chromatography. Cleaved protein observed in wash fraction, histidine tagged protein eluted in imidazole gradient. 
B 12% SDS-PAGE analysis of CdOppA post nickel affinity purification. Pre and Post samples are samples of CdOppA before and after addition of HRV3C protease respectively. Flow through samples correspond to cleaved protein and minor peak observed at approximately 72 ml, fraction corresponds to uncleaved protein and HRV3C at higher molecular weight. 
Flow through peak fractions from the second nickel affinity step were combined and concentrated before further purification by size exclusion chromatography where CdOppA was eluted as a single peak. 
4.3.5 [bookmark: _Toc1211976]Crystallisation experiments with new CdOppA construct
A series of 96 well sitting drop crystallisation experiments were performed with a variety of commercially available screens. Experiments in which the protein concentration was varied were also performed. The only hit obtained was formed in 0.1 M Citric acid, 2.0 M Ammonium sulfate, pH 3.5 at 52 mg/ml of protein in a 150 nl mother liquor, 150 nl protein drop, Figure 4‑9. Crystals from this condition were captured in nylon loops and tested for X-ray diffraction, none was observed.  
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[bookmark: _Ref522276749][bookmark: _Toc1212088]Figure 4‑9. Crystals grown in sitting drop crystallisation experiment. Condition: 0.1 M Citric acid, 2.0 M Ammonium sulfate, pH 3.5 at 52 mg/ml of protein in a 150 nl mother liquor, 150 nl protein drop. 



4.4 [bookmark: _Toc1211977]CdAppA structure determination
4.4.1 [bookmark: _Toc1211978]CdAppA expression and purification
The sequence encoding C. difficile AppA was amplified from genomic DNA using primers detailed in Appendix 7.2.1. This sequence encodes amino acid residues 31-498 where residue one is the N-terminal cysteine of the secreted and processed protein. Such a large truncation was made as structural prediction indicated that the truncated region was disordered. The encoded protein has a calculated molecular weight of 52.8 kDa and an inferred isoelectric point of 5.2. 
The protein was expressed and purified by standard methods as previously described. CdAppA was eluted from the first nickel column as a single peak with peak fractions being analysed by SDS-PAGE, pooled and subject to HRV3C cleavage.  This material was then passed over a second nickel affinity column. Similarly to CdOppA, only partial cleavage of the histidine tag was observed. Fractions containing uncleaved protein were pooled and concentrated before further purification by size exclusion chromatography. This material was eluted as a single peak with fractions analysed by SDS-PAGE, Figure 4‑10. 
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[bookmark: _Ref522276764][bookmark: _Toc1212089]Figure 4‑10. Purification of CdAppA by size exclusion chromatography. 
A Elution profile of CdOppA measured by absorbance at 280 nm following size exclusion chromatography. 
B 12% SDS-PAGE analysis of CdOppA post size exclusion chromatography. Load sample is a sample of CdOppA post HRV3C cleavage. Peak fractions correspond to observed absorbance peak observed in elution trace.

4.4.2 [bookmark: _Ref525035421][bookmark: _Toc1211979]CdAppA crystallisation and structure solution
Sitting drop crystallisation experiments were performed using the PACT and Hampton commercial screens. Crystal growth was observed in 0.2 M sodium iodide, 0.1 M Bis-Tris propane, 20% PEG 3350, pH 6.5, in a drop containing 150 nl of mother liquor and 150 nl of protein at 20 mg/ml, Figure 4‑11. 
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[bookmark: _Ref522276780][bookmark: _Toc1212090]Figure 4‑11. Crystals grown in 0.2 M sodium iodide, 0.1 M Bis-Tris propane, 20% PEG 3350, pH 6.5 in a sitting drop crystallisation experiment containing 150 nl of mother liquor and 150 nl of protein at 20 mg/ml. 

A single crystal from this condition was captured in a nylon loop and cooled in liquid nitrogen and sent for X-ray data collection at Diamond Light Source on beamline i04. Diffraction data were collected to 2 Å resolution with data processing carried out using Xia2 [91]. The space group is P212121 with one molecule in the asymmetric unit. The crystal structure of CdAppA was solved by molecular replacement using MrBump [139] in the CCP4i2 interface [94]. MrBump is an automated method for molecular replacement which will perform a homology search though a subset of structures in the PDB and create a set of search models from the template structures which are used for molecular replacement. The solution from MrBump, derived from the Listeria monocytogenes CtaP (PDB ID: 5isu), was refined in Refmac5 [100,101] and automatic model building was then performed using Buccaneer [99] before iterative rounds of manual model building in Coot [102] and refinement in Refmac5. Refinement statistics can be found in Table 4‑1. 
Residues 31-498 are well defined in the electron density maps with additional density observed corresponding to residues of the HRV3C cleavage tag (Ser-Gly-Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro-Ala). The CdAppA structure is in an open conformation and like other substrate binding proteins is formed of two lobes with residues 38-253, 466-498 constituting lobe 1 and residues 254-465 constituting lobe 2. No electron density was observed in the binding pocket formed between the two lobes. Figure 4‑12 shows the overall structure of CdAppA. 
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[bookmark: _Ref522276797][bookmark: _Toc1212091]Figure 4‑12. Overall structure of CdAppA. 
Ribbon tracing of CdAppA. The chain is colour ramped from the N-terminus (blue) to the C-terminus (red) with calculated surface in grey. Figure created in CCP4MG.

The overall structure of CdAppA closely resembles the structures of numerous other substrate-binding proteins in the PDB. The closest structural matches are the Listeria monocytogenes CtaP (5isu), Bacillus subtilis AppA (1xoc), Bacillus anthracis extracellular solute binding protein (5u4o) and the Campylobacter jejuni NikZ (4oet). Overlaying these structures with CdAppA gives rmsΔ values between 2.1-4.0 Å over 450-473 residues. Splitting the structure of CdAppA into its two lobes and superposing these individually with BsuAppA, Figure 4‑13, gives rmsΔ values of 2.00 over 245 residues for lobe 1 and rmsΔ of 1.40 Å over 204 residues for lobe 2. 
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[bookmark: _Ref524085503][bookmark: _Toc1212092]Figure 4‑13. Overlay of lobes 1 and 2 of CdAppA with BsuAppA
BsuAppA is coloured blue with the ligand shown in purple cylinders indicating the potential ligand binding site in CdAppA. Lobe 1 of CdAppA is coloured yellow and lobe 2 is coloured lemon. 

Upon closer examination of the N-terminus of CdAppA, it was observed that the purification tag corresponding to the HRV3C cleavage tag (Ser-Gly-Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro-Ala) unexpectedly forms an integral part of the N-terminal domain of CdAppA forming a short loop and one β strand, Figure 4‑14. A corresponding β strand is also present in the BsuAppA structure. Though the construct was over truncated, missing structure has been replaced by residues from the purification tag, which have adopted a fold which has enabled the protein to remain soluble and amenable to crystallography. 
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[bookmark: _Ref524086318][bookmark: _Toc1212093]Figure 4‑14. Purification tag forming N-terminal β strand in CdAppA structure
Residues corresponding to purification tag (Ser-Gly-Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro-Ala) shown in green, residues of CdAppA shown in yellow. 


4.4.3 [bookmark: _Toc1211980]Crystal structure data table
[bookmark: _Ref522276821][bookmark: _Toc1212032]Table 4‑1. Refinement statistics for CdAppA
	
	CdAppA

	Data collection
	

	Beamline/Date
	i04 17/07/2016

	Wavelength (Å)
	0.9795

	Cell dimensions
	

	    a, b, c (Å)
	45.6,106.1,109.5

	 ()
	90.0,90.0,90.0

	Resolution (Å)
	2.00

	Rmerge
	0.11(1.4)

	I / I
	13.1(1.4)

	Completeness (%)
	100(100)

	
Refinement
	

	Resolution (Å)
	54.76-2.00

	No. reflections
	36697/1823

	Rwork / Rfree
	0.17/0.27

	No. atoms
	

	    Protein
	3755

	    Water
	226

	B-factors
	

	    Protein
	38.6

	    Water
	44.6

	R.m.s. deviations
	

	    Bond lengths (Å)
	0.02

	    Bond angles ()
	1.90

	Ramachandran Statistics (%)
	

	Preferred
	94.7

	Allowed
	4.0

	Outliers
	1.3

	PDB codes
	

	
	

	
	


Rmerge = ∑hkl∑i|Ii - I |/∑hkl∑i I where Ii is the intensity of the ith measurement of a reflection with indexes hkl and I is the statistically weighted average reflection intensity.
R-factor = ∑||Fo| - |Fc||/∑|Fo| where Fo and Fc are the observed and calculated structure factor amplitudes, respectively. 
R-free is the R-factor calculated with 5 % of the reflections chosen at random and omitted from refinement. 
Root-mean-square deviation of bond lengths and bond angles from ideal geometry.
Percentage of residues in most-favoured/additionally allowed/generously allowed/disallowed regions of the Ramachandran plot, according to PROCHECK



4.5 [bookmark: _Ref525035508][bookmark: _Toc1211981]Binding studies
As it had not been possible to determine the crystal structure of CdOppA and that the crystal structure of CdAppA had not revealed a bound ligand, a series of peptide ligand binding studies using the thermal shift assay were performed as described in Section 2.5.1. A variety of peptide ligands described in Table 4‑2, were used in thermal shift experiments that were performed in triplicate. These ligands were also used for peptide binding experiments with BsuOppA. Control experiments consisting of dye only, protein only and ligand only were also performed to allow comparison between protein and ligand assays. 
[bookmark: _Ref522276841][bookmark: _Toc1212033]Table 4‑2. Ligand binding screening of both CdOppA and CdAppA
All ligands were subject to thermal shift assay with both C. difficile proteins. Ligand binding is represented by a change in melting temperature compared to the protein and dye control. 

	Ligand
	Protein
	Thermal shift observed?

	Lys-Lys-Lys-Lys
	AppA OppA
	No

	Val-Ala-Pro-Gly
	AppA OppA
	No

	Ala-Arg-Asn-Gln-Thr (PhrA)
	AppA OppA
	No

	Ser-Arg-Asn-Val-Thr (PhrE)
	AppA OppA
	No

	Ser-Asn-Ser-Ser
	AppA OppA
	No

	Asp-Asp-Asp-Asp
	AppA OppA
	No

	Gly-Arg-Gly-Asp-Ser-Pro-Lys
	AppA OppA
	No

	Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys
	AppA OppA
	No

	Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys-Pro
	AppA OppA
	No

	Ala-D-Glu-γ-Lys-D-Ala-D-Ala
	AppA OppA
	No

	Ala-Ala-Ala-Ala
	OppA
	No



Figure 4‑15 shows a typical thermal shift profile for each of CdAppA and CdOppA with Lys-Lys-Lys-Lys and the respective protein and dye control.  No thermal shift was observed for any of the peptide ligands with either CdAppA or CdOppA indicating no ligand binding was taking place which is consistent with other assays previously described [88]. 
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[bookmark: _Ref522276867][bookmark: _Toc1212094]Figure 4‑15. Thermal shift assay showing CdAppA and CdOppA with Lys-Lys-Lys-Lys
Protein and dye control shown in blue, green and orange, assay shown in red, purple and brown. 
Upper: CdAppA
Lower: CdOppA
No change in melting temperature is observed between the either of the controls and assays. 




4.6 [bookmark: _Ref525035560][bookmark: _Toc1211982]Discussion
Here the crystal structure of CdAppA has been determined and ligand binding experiments with both CdAppA and CdOppA have been described. The crystal structure of CdAppA is a ligand free structure which can be closely overlaid with other peptide binding protein structures in the PDB. The overall structure of CdAppA is highly similar to other substrate binding protein structures previously solved having two principal domains surrounding the ligand binding pocket. Structural modelling of CdOppA shows that it too may have a very similar overall structure to other solute binding proteins. 
For other peptide binding proteins studied in our laboratory, Salmonella typhimurium OppA, BsuAppA, BsuOppA, EcMppA and BsuDppE we have used analogous expression approaches and in every case grown crystals which contained an endogenous ligand. Gaining the unliganded form has necessitated partial unfolding hence CdAppA is an outlier in that it contains no ligand bound. This makes it difficult to predict the type of ligand that the protein may bind. It is possible that during the production of CdAppA, it did not interact with any peptides similar to those that may be found in C. difficile’s native environment of the digestive tract hence the ligand free structure. However, if the protein forms part of a general peptide uptake system, it should be capable of binding a variety of peptides. To test this, both CdOppA and CdAppA were incubated in the presence of a variety of peptide ligands and binding was tested by thermal shift assay. None of the peptides tested with either protein resulted in a change in the melting temperature of the proteins. This indicates that no binding had occurred. The failure to observe peptide binding to either protein suggests that neither is a peptide binding protein. This observation raises the question of whether CdOppA and CdAppA are misannotated as oligopeptide binding proteins and perhaps have alternative functions. 
In light of this, the sequence of these proteins was analysed again to see whether they contain a key signature sequence involved in peptide binding. Both CdAppA and CdOppA appear to lack this signature sequence with the motif RXXWXXD which is observed in other peptide binding proteins such as the Salmonella typhimurium OppA and the E. coli OppA, Figure 4‑16. Typically, peptide binding proteins whose structures have been solved in complex with peptide ligands, share typical architecture to bind the carboxyl and amino termini of the ligand. The carboxyl ligand terminus often forms a salt bridge with an arginine side chain and the ligand amino terminus often forms a salt bridge with an aspartic acid side chain. A tryptophan is also usually present in the binding pocket and this too can be observed in the signature sequence. 
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[bookmark: _Ref522276583][bookmark: _Toc1212095]Figure 4‑16. Sequence alignment of peptide binding proteins highlighting peptide binding signature sequence. 
Proteins represented include B. subtilis OppA, DppE and AppA, C. difficile OppA and AppA, Escherichia coli DppA, MppA and OppA as well as the Salmonella typhimurium OppA.
BsuAppA binds a much longer peptide chain than the other proteins; hence, the residues coordinating the ligand do not align well with the other sequences.
Alignment performed in Tcoffee and ESpript [110].  

As seen in Figure 4‑16, both C. difficile proteins appear to lack the conserved aspartic acid and arginine residues, though the CdAppA residues may be displaced from the signature sequence like those of BsuAppA where a different arginine residue forms the salt bridge with the carboxyl terminal of the elongated peptide ligand. 
CdOppA’s closest match in the PDB is the C. jejuni nickel binding protein NikZ. The structures of nickel binding proteins closely resemble those of peptide binding proteins, for example NikZ can be overlaid with BsuOppA giving rmsΔ of 2.61 Å over 431 residues. From sequence alone it can be difficult to determine whether a binding protein is a peptide binding protein or a nickel binding protein as key residues involved in binding the two ligands are often conserved. These residues are positively charged amino acids which typically coordinate the carboxyl group of a peptide ligand or the carboxyl group of free histidine which chelates nickel in nickel binding proteins, for example, Arg344 in NikZ is comparable with Arg413 in S. typhimurium OppA and Arg423 in BsuOppA. This prompted consideration of the role of nickel in C. difficile biology. Nickel is an important cofactor in enzymes, such as urease which catalyses the hydrolysis of urea into carbon dioxide and water. The C. difficile genome encodes a urease as well as a putative nickel response regulator NikR. 
As free nickel is in relatively low abundance in the environment, high affinity transport systems are required. Nickel binding proteins such as NikZ [140] and NikA [141] typically coordinate nickel through the use of free L-histidine and histidine side chains present in the protein binding pocket, Figure 4‑17. Ni2+ can be coordinated either by one free histidine molecule and three side chain histidines or two free histidines and one histidine side chain as shown in Figure 4‑17. 
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[bookmark: _Ref523489896][bookmark: _Toc1212096]Figure 4‑17. Modes of nickel binding in NikA and NikZ. 
Upper: NikA binding site showing Ni2+ coordinated by two free histidine’s and one histidine side chain from the protein, PDB ID: 4i8c [141]. 
Lower: NikZ binding pocket showing Ni2+ coordinated by one free histidine and three histidine side chains, PDB ID: 4oeu [140]. 

Whilst there is no direct experimental evidence that CdOppA is a nickel binding protein, it does have two histidine residues in the binding pocket like NikZ, Figure 4‑18, which could contribute to the nickel coordination site along with one free histidine residue. To test this hypothesis, binding experiments could be performed with free histidine and Ni2+ to determine whether the protein shows any affinity for these ligands. 
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[bookmark: _Ref524094114][bookmark: _Toc1212097]Figure 4‑18. Sequence alignment of NikZ with CdOppA
Upper: Secondary structure of NikZ shown above alignment with residues predicted to be involved in binding nickel and histidine highlighted by green arrows. These residues can be seen in Figure 4‑17. All residues involved in ligand binding are conserved. 
Lower: Structural alignment of Phyre2 model of CdAppA (coral) and NikZ (grey) highlighting similar positions of residues involved in ligand binding. Metal ion in purple, free histidine shown in ball and stick representation. 

It is difficult to predict the potential function of CdAppA given no thermal shift was observed during ligand binding studies and the crystal structure solved does not contain a ligand. The closest structural match in the PDB is CtaP, a solute binding protein from Listeria monocytogenes (PDB ID: 5isu). The latter structure is also ligand free and has a predicted function of a peptide/nickel transporter. Significantly more research will be required to determine the function of CdAppA beyond the scope of this thesis. 




Chapter 5 [bookmark: _Toc1211983]– Bacillus subtilis SpoIIQ and SpoIIIAH
5.1 [bookmark: _Toc1211984] Introduction
The SpoIIQ-SpoIIIAA-AH complex forms an important part of the engulfment machinery during sporulation in B. subtilis. The spoIIIAA-AH operon is expressed in the mother cell under the control of σE; spoIIQ is expressed in the forespore under the control of σF. The principle interaction between the mother cell and forespore compartments occurs through SpoIIQ and SpoIIIAH. Both SpoIIQ and SpoIIIAH have a single N-terminal membrane spanning helix and globular C-terminal domains which interact with each other across the intermembrane space between forespore and mother cell. Both SpoIIQ and SpoIIIAH are required for the activation of the forespore specific sigma factor σG. 
SpoIIIAH has a YscJ/FliF like domain, known as a ring binding motif, in its C-terminal region. YscJ/FliF form large multimeric rings in type III secretion systems and flagella motors respectively. SpoIIQ shares EscJ homology, EscJ forms rings consisting of 24 subunits. SpoIIQ also contains an inactive LytM domain in its C-terminal region. Bacterial LytM proteins are zinc metalloendopeptidases which cleave the peptide cross-links in peptidoglycan. Typically, they coordinate Zn2+ ions through three residues, two histidines and an aspartate. The zinc ion then polarises the carbonyl carbon of the substrate, making it susceptible to nucleophilic attack from a hydroxyl nucleophile generated by a third histidine which deprotonates a water molecule [142]. The SpoIIQ LytM domain is inactive due to it lacking the catalytic histidine residue characteristic of LytM peptidases. The crystal structures of soluble fragments of the C-terminal domains of SpoIIQ and SpoIIIAH were solved independently by two groups in 2012 [59,60]. A compartment specific biotinylation assay [55] showed that the C-terminus of SpoIIIAH was accessible to biotin ligase expressed solely in the forespore. This result coupled with the presence of a YscJ/FliF like domain in the C-terminal region of SpoIIIAH led to the proposal that SpoIIQ-SpoIIIAH form a channel connecting the mother cell to the forespore [53,55]. This is known as the “feeding channel” hypothesis [53]. It is believed that this channel allows the developing forespore to receive nutrients such as amino acids from the mother cell though the identity of the molecules transported through the channel are unknown. 
Modelling of the larger assembly formed by SpoIIQ-SpoIIIAH was completed by the two groups who solved the structures of the C-terminal regions of the proteins. The two crystal structures of the SpoIIQ-SpoIIIAH complex show SpoIIQ and SpoIIIAH interacting in a 1:1 manner. Size exclusion chromatography with multi angle laser light scattering (SEC-MALLS) also suggested that the C-terminal domains interacted in a 1:1 manner. Meisner et al suggested a channel could be formed of a ring of 15 SpoIIQ molecules as well as suggesting a possible 18 subunit assembly. These channels would have an internal diameter of 82 Å and 116 Å respectively. Levdikov et al suggested a channel formed of 12 subunits with an internal diameter of 58 Å. A recent investigation into SpoIIIAG resulted in a 3.5 Å cryo-electron microscopy structure containing 30 SpoIIIAG molecules arranged in a ring [63]. The authors of this study suggested that a 15 subunit assembly of SpoIIQ-SpoIIIAH would correlate with the 30-mer SpoIIIAG ring as they have similar dimensions, orientations and are charge compatible. 
Despite these experimental observations, the stoichiometry of the subunits in the channel is unknown. These experiments were performed on incomplete assemblies in vitro with modelling performed in silico. No in vivo experiments have been performed to address the stoichiometry of this complex in living cells. Slimfield fluorescence microscopy has been used to determine the stoichiometry of other complexes in live cells [143] and may be applied to this problem. 
Slimfield microscopy is a single molecule imaging technique that allows the tracking of fluorescent proteins on millisecond timescales which reduces motion blur of rapidly diffusing labelled proteins. This allows the determination of protein copy number and the stoichiometry of protein complexes [104,105]. The microscope utilises a TIRF like excitation beam on the sample of approximately 5-10 μm in width. The microscope has the ability to image in dual-colour epifluorescence mode as well being able to image in brightfield mode. 

5.2 [bookmark: _Toc1211985]Construct design
As SpoIIQ and SpoIIIAH interact with each other via their C-terminal regions, fluorescent protein tags were designed to be attached to the N-termini of these proteins. The fluorescent proteins selected to be attached to SpoIIQ and SpoIIIAH were Ypet, mGFP, mCherry and mEos2. The fluorescent fusions were designed to integrate into the host chromosome at one of three genetic loci, either the amyE locus, the spoIIQ locus or spoIIIAH locus by the utilisation of a suitable integration vector. 
An integration vector is a plasmid which contains one or two sequences homologous to the host chromosome adjacent to the desired integration site to direct site specific recombination events. If one homologous sequence is included in the plasmid, then a single crossover recombination event will occur, if two sequences are included and are relatively close to each other on the chromosome, then it is possible to integrate a cassette into the chromosome through a double crossover recombination event, Figure 5‑1. Integration vectors can be designed such that they integrate at a neutral locus, such as amyE or at a specific locus. Integration into the amyE locus has been widely used to insert various gene fusions into the B. subtilis chromosome. There are several advantages of using a neutral locus over a specific locus through a double crossover recombination event. First, the inserted DNA does not have to be host derived since homology between the insert and chromosome is no longer required. Secondly, insertion of DNA containing genes from the host organism at a neutral locus will leave the resident gene undisturbed allowing for complementation analysis. Integration at a specific locus is often used for creating knockouts of specific genes and for inserting reporter fusions such as a GFP fusion. 
[image: ]
[bookmark: _Ref520814916][bookmark: _Toc1212098]Figure 5‑1. Schematic representations of single and double integrations into target chromosome.
Upper: schematic representation of single crossover integration resulting in a null mutant of orfA by insertion of the entire plasmid at orfA on the chromosome. Origin of replication of plasmid shown as ori, ampicillin resistance cassette represented as bla and a second generic antibiotic resistance cassette represented as abr. 
Lower: schematic representation of double crossover integration resulting in the insertion of orfA and an antibiotic resistance cassette, abr at a target locus on host chromosome represented in orange. 
5.2.1 [bookmark: _Toc1211986]Ypet-SpoIIQ fusion
Initially, a ypet-spoIIQ fusion was designed which would integrate into the amyE locus of B. subtilis. The amyE locus is well suited as an integration site and its use has a long history. First used in 1986 [144], amyE encodes an α-amylase whose knock out causes no deleterious effect on the bacterium. The plasmid pSG1154 (Bacillus Genomic Stock Centre) contains the amyE open reading frame which has been split in two with a spectinomycin cassette and a sequence encoding a GFP mutant between, Figure 5‑2. Following integration into the host chromosome, the spectinomycin and GFP cassettes will reside at the amyE locus. 
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[bookmark: _Ref520883359][bookmark: _Toc1212099]Figure 5‑2. Plasmid map of pSG1154
Restriction endonuclease cleavage sites indicated with orange lines, bla corresponds to an ampicillin resistance cassette, ori corresponds to the origin of replication of the plasmid, spc corresponds to a spectinomycin resistance cassette, gfpmut1 corresponds to a GFP mutant. This plasmid directs integration at the amyE locus on the B. subtilis chromosome through the amyE’ and ‘amyE sequence resulting in gfpmut1 and spc being integrated at amyE.

Before pSG1154 was used for B. subtilis transformation, the sequence encoding the GFP mutant was removed by cleaving the plasmid with the restriction endonucleases SpeI and HindIII. The resulting fragments were separated by agarose gel electrophoresis and the fragment consistent with pSG1154 (approximately 7000 base pairs) without the gfpmut1 encoding sequence was isolated by gel extraction (NEB). This plasmid backbone was then used for subsequent cloning steps. 
All constructs were designed such that expression of the gene fusion would be under the control of their native target promoter. As such, for the ypet-spoIIQ fusion, a series of fragments were amplified by PCR and arranged as illustrated in Figure 5‑3. Each fragment was designed to have a 20-25 base pair sequence complementary to the adjacent fragment such that the HiFi reaction (NEB) could be used to join the fragments together. As no sequence data for pSG1154 was available, the ypet-spoIIQ fusion was designed to have restriction endonuclease cleavage sites complementary to those previously used to remove the gfpmut1 sequence from pSG1154 such that the new spoIIQ fragment could be ligated into the cleaved pSG1154 vector using T4 DNA ligase after the fragment had been cleaved with SpeI and HindIII restriction endonucleases. 
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[bookmark: _Ref520893856][bookmark: _Toc1212100]Figure 5‑3. Schematic representation of the three DNA fragments required to construct Ypet-SpoIIQ integration plasmid.
Restriction endonuclease sites indicated in black. Coloured lines above each fragment are representative of the primers required for PCR amplification with complementary represented by corresponding colours. 

The 300 base pairs upstream of the coding region of spoIIQ, designated pspoIIQ, was amplified from B. subtilis chromosomal DNA as was a fragment containing the spoIIQ coding region plus 300 bases downstream of the spoIIQ coding region. The coding sequence of ypet was also amplified by PCR from plasmid pROD49 containing the ypet sequence. All PCR reactions were completed using Q5 DNA polymerase as described in Section 2.1.2 and primers detailed in Appendix 7.3.1.
5.2.2 [bookmark: _Toc1211987]SpoIIIAH fusions
As spoIIIAH is the eighth gene in the spoIIIAA-AH operon, it was not considered practical to clone the entire operon at the amyE locus. Instead, spoIIIAH fusions were designed to integrate into the native spoIIIAH locus by using 500 base pairs of homologous sequence upstream and downstream (dspoIIIAH) of spoIIIAH in the construct design. The upstream sequence corresponded to the 3’ end of spoIIIAG. A chloramphenicol resistance cassette (camR) was also included in spoIIIAH fusions. As spoIIIAH fusions were designed to integrate into the spoIIIAH locus and not amyE, a pUC19 vector backbone was used. This vector backbone was cleaved with HindIII endonuclease and all fusions were designed with HindIII recognition sites at the 5’ and 3’ ends as well as 20-25 base pairs of complementary sequence to the pUC19 backbone, Figure 5‑4. All components were amplified by PCR as previously described using primers detailed in Appendix 7.3.1. 
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[bookmark: _Ref520898018][bookmark: _Toc1212101]Figure 5‑4. Schematic representation of the DNA fragments required for SpoIIIAH fusions
Restriction endonuclease sites indicated in black. Coloured lines above each fragment are representative of the primers required for PCR amplification with complementary represented by corresponding colours. camR corresponds to a chloramphenicol resistance cassette, dspoIIIAH corresponds to 500 base pairs downstream of spoIIIAH. 

5.3 [bookmark: _Toc1211988]Ypet-SpoIIQ fusion cloning
The promoter region (pspoIIQ) and the sequence encoding SpoIIQ were amplified by PCR from B. subtilis 168 genomic DNA using Q5 DNA polymerase as previously described. The sequence corresponding to ypet was also amplified by PCR from plasmid pROD49 which encodes a hexahistidine tagged Ypet. The sequence was amplified using primers described in Appendix 7.3.1 using Q5 DNA polymerase.
The PCR products generated were analysed by agarose gel electrophoresis and Figure 5‑5, shows that the amplified pspoIIQ, spoIIQ and ypet fragments matched the expected sizes. 
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[bookmark: _Ref520986770][bookmark: _Toc1212102]Figure 5‑5. Agarose gel electrophoresis of PCR amplification products of pspoIIQ and spoIIQ.
Upper: psoIIQ and spoIIQ amplification
Four repeats of each amplification were performed with the expected size of the pspoIIQ fragment being 316 base pairs and the expected size of spoIIQ being 996 base pairs. Both pspoIIQ and spoIIQ fragments observed closely match the expected size indicating successful amplification. 
Lower: ypet amplification
Two repeats of the PCR amplification of ypet were performed with the expected size being 733 base pairs, the resulting fragment closely matches the expected size indicating successful amplification.
All PCR products obtained were then purified by PCR clean up (QIAquick) before the HiFi reaction was performed. The HiFi reaction was performed at 50 °C for 15 minutes as per the manufactures guidelines using 50 ng of each fragment. Subsequently, the HiFi assembly mix was used as template for further amplification of the assembled fragment (expected size 2004 base pairs) by PCR using the pspoIIQ forward primer and reverse spoIIQ primer. The resulting PCR product was analysed by agarose gel electrophoresis, Figure 5‑6 and a band corresponding to the expected size product was isolated by agarose gel extraction (NEB Monarch Gel Extraction Kit).  
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[bookmark: _Ref520988639][bookmark: _Toc1212103]Figure 5‑6. Agarose gel electrophoresis analysis of PCR amplification of assembled pspoIIQ-ypet-spoIIQ fragment. 
Individual components of assembly and the PCR template (HiFi assembly) loaded as positive controls. Expected size of assembled fragment was 2004 base pairs. The resulting PCR fragment closely matches the expected size though other species are also present. 

The isolated DNA fragment corresponding to pspoIIQ-ypet-spoIIQ and the plasmid pSG1154 were then treated with the restriction endonucleases SpeI and HindIII before separation by agarose gel electrophoresis. Two fragments were observed following the digestion of pSG1154, one of approximately 7000 base pairs and a second of approximately 800 base pairs. The smaller of the two fragments corresponds to the gfpmut1 fragment and the larger fragment to the remaining portion of plasmid. The larger of the two fragments was isolated by agarose gel extraction. A single fragment was observed following the cleavage of the pspoIIQ-ypet-spoIIQ fragment at approximately 2000 base pairs which was also isolated by agarose gel extraction. 
The cleaved fragments were next mixed in a 1:3 (vector:insert) ratio with T4 DNA ligase before transformation of NEB 5α competent Escherichia coli cells (NEB) with the reaction mix. This transformation mix was plated onto LB agar supplemented with 100 μg/ml ampicillin and grown at 37 °C overnight. Colonies obtained were then used for colony PCR to establish the presence of the pspoIIQ-ypet-spoIIQ fragment using the pspoIIQ forward primer and reverse spoIIQ primer. Colonies which displayed a positive PCR amplification of the approximately 2000 base pair fragment were then grown in LB supplemented with 100 μg/ml ampicillin at 37 °C overnight with shaking before the plasmid (pAHIIQ01) was isolated by miniprep (NEB Monarch Miniprep) and subjected to a test restriction digestions using the restriction endonucleases SpeI and HindIII, Figure 5‑7. Digestion of plasmid pAHIIQ01 with these restriction endonucleases is expected to result in two fragments, one at approximately 2000 base pairs corresponding to the pspoIIQ-ypet-spoIIQ fragment and a second at approximately 7000 base pairs corresponding to the plasmid backbone. 
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[bookmark: _Ref521050905][bookmark: _Toc1212104]Figure 5‑7. Agarose gel electrophoresis analysis of test restriction digest of plasmid pAHIIQ01.
Single digest was performed with HindIII only, double digest performed with both SpeI and HindIII. Single digest suggests a plasmid of approximately 9000 base pairs in size. Double digest shows the presence of the 2000 base pair insert plus plasmid backbone. 

Plasmid pAHIIQ01 was then sent for DNA sequencing (Eurofins) utilising the amplification primers as sequencing primers. The entire 2000 base pair pspoIIQ-ypet-spoIIQ insert was sequenced as well as approximately 800 base pairs upstream and downstream of the insert. 
Plasmid pAHIIQ01 was then sent to the laboratory of Dr Imrich Barak in Bratislava, Slovakia for transformation of strain IB714 which contains an erythromycin cassette at the amyE locus. This allows the detection of integration into amyE by the antibiotic resistance switch from erythromycin to spectinomycin as plasmid pAHIIQ01 encodes a spectinomycin resistance cassette. The chromosomal DNA was then isolated from the transformed IB714 and used to transform strain BKE36550 that encodes an erythromycin resistance cassette (erm) at the spoIIQ locus rendering the gene inactive. The resulting strain (AH101) is therefore resistant to both spectinomycin and erythromycin with the genotype amyE::ypet-spoIIQ-spcR spoIIQ::erm. This resulting strain was then plated onto DSM agar to judge the sporulation efficiency before imaging experiments. 
5.4 [bookmark: _Ref525035728][bookmark: _Toc1211989]Ypet-SpoIIQ epifluorescence imaging
Strain AH101 expressing Ypet-SpoIIQ was grown in Difco Sporulation Medium (DSM) as described in Section 2.9.1 for approximately 8 hours so that the cells would be at the engulfment stage of sporulation. A membrane dye (FM4-64) was added for the final 20 minutes of incubation before the cells from 200 μl of the culture were harvested for imaging. The harvested cells were washed in Spizizen Minimal Medium (SMM) before being placed onto a polylysine coated glass slide and sealed with a cover slip. Fluorescent images were collected using an Olympus BX63 microscope, Figure 5‑8. 
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[bookmark: _Ref521319566][bookmark: _Ref521319561][bookmark: _Toc1212105]Figure 5‑8. Fluorescent images of Ypet-SpoIIQ
Upper left – Ypet signal only
Upper right – FM4-64 signal only
Lower – overlay of Ypet and FM4-64 images
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Figure 5‑8 shows that strong Ypet signals were observed. Comparison of the localisation of the Ypet signals with signals generated from the membrane dye FM4-64 shows that Ypet-SpoIIQ is present at the asymmetric sporulation septum and around the engulfing and engulfed forespore membrane as observed previously [119]. The bright Ypet signal observed indicates that this strain is suitable for single molecule imaging. 

5.5 [bookmark: _Toc1211990]SpoIIIAH fusion cloning
As previously described, the fluorescent proteins Ypet, mGFP, mCherry and mEos2 were fused to the N-terminus of SpoIIIAH. The 300 base pairs upstream of spoIIIAH corresponding to the 3’ region of spoIIIAG as well as the coding sequence of spoIIIAH (657 base pairs) and 300 base pairs downstream of spoIIIAH were amplified by PCR from B. subtilis genomic DNA as previously described using primers detailed in Appendix 7.3.1. The sequences encoding ypet (713 base pairs), mGFP (672 base pairs), mCherry (705 base pairs) and mEos2 (678 base pairs) were amplified from plasmids detailed in Appendix 7.3.1. All SpoIIIAH fusions constructs were designed to include a chloramphenicol resistance cassette (camR, 954 base pairs) which was amplified from plasmid pACY-DUET1 using primers detailed in Appendix 7.3.1. All PCR products were analysed by agarose gel electrophoresis, Figure 5‑9, before fragment assembly using the HiFi reaction. 
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[bookmark: _Ref521336255][bookmark: _Toc1212106]Figure 5‑9. Agarose gel electrophoresis analysis of PCR amplification of spoIIIAH fusion components. 
1: Amplification of ypet-spoIIIAH components
2: Amplification of mGFP-spoIIIAH and mCherry-spoIIIAH components
3: Amplification of mCherry-spoIIIAH and mEos2-spoIIIAH components
4: Amplification of camR and the spoIIIAH downstream components


Agarose gel electrophoresis analysis of the PCR products required for spoIIIAH fusions, Figure 5‑9, show that the PCR amplification of spoIIIAG, ypet, mGFP, mCherry, mEos2, spoIIIAH, camR produced DNA fragments whose sizes were close to those expected. As these fragments have complementary sequence added to their 5’ and 3’ ends for HiFi assembly, it was necessary to amplify the spoIIIAG and spoIIIAH fragments multiple times with the respective complementary sequences, Figure 5‑4, using the primers detailed in Appendix 7.3.1. 
Four HiFi reactions were then performed using the appropriate fragments to form the ypet-spoIIIAH, mGFP-spoIIIAH, mCherry-spoIIIAH and mEos2-spoIIIAH fusions. All reactions were performed with a 1:1:1:1:1 ratio of fragments (100 ng of DNA). The resultant HiFi assembly mix was then used as a PCR template to amplify the approximately 3000 base pair fragment (2980 bp for ypet, 2939 bp for mGFP, 2972 bp for mCherry and 2945 bp for mEos2) corresponding to the assembled fusion (spoIIIAG-tag-spoIIIAH-camR-dspoIIIAH). The PCR reaction products were then analysed by agarose gel electrophoresis, Figure 5‑10, with the bands observed at the correct indicated length being extracted by agarose gel extraction. The plasmid pUC19 (2686 base pairs) was cleaved with the restriction endonuclease HindIII with the reaction mixture analysed by agarose gel electrophoresis and the band corresponding to cleaved pUC19 was isolated by agarose gel extraction. 
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[bookmark: _Ref521408353][bookmark: _Toc1212107]Figure 5‑10. Agarose gel electrophoresis analysis of PCR amplification of spoIIIAH fusion HiFi assembly
Arrows indicate bands extracted by agarose gel extraction.

As for the ypet-spoIIQ fusion construction Figure 5‑7, multiple bands were observed following PCR of the HiFi reaction mixture. The observation of multiple species following this PCR is not surprising as the HiFi mix will have multiple species present which may be amplified by non-specific primer binding. The bands closest to the expected size of approximately 3000 base pairs, indicated by an arrow in Figure 5‑10, were chosen for agarose gel extraction before being mixed with cleaved pUC19 for a second HiFi reaction in the ratio of 1:2 (50 ng of plasmid, 100 ng of insert). The HiFi reaction mix was then used to transform NEB 5α competent E. coli cells using the heat shock method before being plated onto LB agar supplemented with 100 μg/ml ampicillin and grown overnight at 37 °C. The resulting colonies were then tested for the presence of the insert by colony PCR using the forward spoIIIAG primer and reverse dspoIIIAH primer to amplify a fragment approximately 3000 base pairs long (2980 bp for ypet, 2939 bp for mGFP, 2972 bp for mCherry and 2945 bp for mEos2). Colonies which yielded the expected PCR product were then grown in LB media supplemented with 100 μg/ml ampicillin overnight at 37 °C with shaking to enable plasmid recovery by miniprep. Recovered plasmids (pAHIIIAH01-04) were then sent for sequencing (Eurofins) using the primers used for amplification of individual fragments as the sequencing primers with sequencing reads continuing into the plasmid backbone and completely covering the insert. 
Plasmids pAHIIIAH01-04 were then used to transform the competent B. subtilis strain IB333 during a research visit to the laboratory of Dr Imrich Barak in Bratislava, Slovakia, resulting strains are detailed in Table 5‑1. The plasmid of interest was first linearized by digestion with the restriction endonuclease BamHI, resolved by agarose electrophoresis and gel extracted before being mixed with competent IB333. The transformation mixture was plated onto LB agar supplemented with 5 μg/ml chloramphenicol as described in Section 2.7. Colonies observed following overnight incubation at 37 °C were then picked and plated onto DSM agar to assess their sporulation efficiency. 

[bookmark: _Ref523746935][bookmark: _Toc1212034]Table 5‑1. List of spoIIIAH strains created

	Strain identifier
	Genotype

	AH102
	spoIIIAH::ypet-spoIIIAH-camR

	AH103
	spoIIIAH::mGFP-spoIIIAH-camR

	AH104
	spoIIIAH::mCherry-spoIIIAH-camR

	AH105
	spoIIIAH::mEos2-spoIIIAH-camR




5.6 [bookmark: _Ref525035843][bookmark: _Toc1211991]SpoIIIAH fusion epifluorescence imaging
B. subtilis strains expressing the genes encoding Ypet-SpoIIIAH, mGFP-SpoIIIAH, mCherry-SpoIIIAH and mEos2-SpoIIIAH were grown in DSM medium as described in Section 2.9.1 until the cells reached the engulfment stage of sporulation approximately eight hours after inoculation. Approximately 20 minutes before the cells were harvested for imaging, the membrane dye FM4-64 was added to the cell. FM4-64 was not added to cells harbouring the mCherry fusion as the membrane dye has a similar fluorescence emission spectrum to mCherry. For imaging, 200 μl of culture was harvested and prepared as described in Section 2.9.1. The sample was placed onto a polylysine coated glass slide before being sealed with a coverslip. 
Images obtained, Figure 5‑11, showed that all SpoIIIAH fusions had bright fluorescent signal which was localised to the asymmetric septum and around the engulfing and engulfed forespore. Some signal was also observed in the surrounding mother cell membrane which is to be expected as SpoIIIAH is a mother cell protein which is inserted into the membrane and undergoes diffusion and capture at the asymmetric septum. 
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[bookmark: _Ref523843061][bookmark: _Toc1212108]Figure 5‑11. Fluorescent images of SpoIIIAH fusions
Upper: Fluorescent signal
Middle: Membrane dye signal
Lower: Overlay of fluorescent signal and membrane dye signal149


5.7 [bookmark: _Toc1211992]Slimfield microscopy 
Strains expressing genes encoding Ypet-SpoIIQ (AH101) and Ypet-SpoIIIAH (AH102) were grown in DSM as previously described. FM4-64 membrane dye was added to the cultures approximately 20 minutes before harvesting for imaging. For Slimfield imaging, 200 μl of culture was pelleted by centrifugation at 2300 x g in a bench top centrifuge for 3 minutes and the cell pellets resuspended in 200 μl of freshly prepared SMM. The samples were then re-pelleted and resuspended again in SMM. The sample was pelleted a third time and resuspended in 15 μl of SMM. The sample was then spotted onto an agarose/SMM bed on a glass slide before being sealed with a coverslip. Imaging was performed as described in Section 2.9.3. 

5.7.1 [bookmark: _Toc1211993]Ypet-SpoIIQ imaging
A bright Ypet signal was observed across the population of strain AH101 imaged. The Ypet signal was localised to the forespore asymmetric septum though there was also a small amount of signal observed in the mother cell, Figure 5‑12. As spoIIQ expression is controlled by σF which is a forespore specific sigma factor and the ypet-spoIIQ fusion was under the spoIIQ promoter, Ypet is not expected in the mother cell. 
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[bookmark: _Ref521938163][bookmark: _Toc1212109]Figure 5‑12. Slimfield microscopy of Ypet-SpoIIQ. 
Bright field image and the fluorescent signal corresponding to Ypet are shown for a population of cells. Signal is principally localised to the asymmetric septum (yellow arrow) and forespore (red arrow) though there is some in the mother cell. Scale bars are 1 μm.

The unexpected observation of Ypet signal in the mother cell suggests that expression of the ypet-spoIIQ fusion may be the result of leaky expression driven by another promoter upstream of the native SpoIIQ promoter included in the fusion. To test this hypothesis, the strain was imaged during vegetative growth when σF is not present. Low levels of Ypet associated fluorescence was observed during vegetative growth. Though the Ypet signal during sporulation that was localised to the asymmetric septum was considerably brighter than the mislocalized signal, concern remained that the observation could affect further downstream data processing, as such a new set of SpoIIQ fusions were designed, Section 5.8.
5.7.2 [bookmark: _Toc1211994]Ypet-SpoIIIAH imaging
A bright Ypet signal was observed in strain AH102 predominantly localised to the asymmetric septum with some signal observed in the rest of the mother cell, Figure 5‑13. This is to be expected for SpoIIIAH as it is a mother cell protein under the control of σE and when produced is inserted into the mother cell membrane before diffusion and capture to the asymmetric septum. 
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[bookmark: _Ref521941203][bookmark: _Toc1212110]Figure 5‑13.  Example images of Slimfield microscopy of Ypet-SpoIIIAH.
Bright field image and the fluorescent signal corresponding to Ypet are shown for a population of cells. Signal is localised to the asymmetric septum and mother cell. Scale bars are 1 μm. 

5.7.3 [bookmark: _Ref524961369][bookmark: _Ref525035879][bookmark: _Toc1211995]Copy number analysis
To determine the copy number of SpoIIQ and SpoIIIAH, the integrated intensity (IAll) of the relevant spot is calculated in ImageJ, the background integrated intensity (IBG) is also measured by moving the sample area to a portion of the cell without a bright Ypet signal. The characteristic intensity (ISingle) of SpoIIQ and SpoIIIAH was also calculated. Figure 5‑14, shows the steps involved in calculation of the copy number. 
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[bookmark: _Ref522091863][bookmark: _Toc1212111]Figure 5‑14. Example of copy number analysis for Ypet-SpoIIQ. 
Upper: Segmentation of cells. Yellow circle represents sampling area. 
Lower: Determination of ISingle for SpoIIQ and SpoIIIAH. 

With these values calculated it is possible to calculate the total number of molecules per cell by subtracting the background from the signal and dividing by the characteristic intensity of a single SpoIIQ/SpoIIIAH molecule. This can then be plotted as probability density against copy number allowing a Kernel Density Estimation calculation for the average copy number per cell, Figure 5‑15.
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[bookmark: _Ref522091842][bookmark: _Toc1212112]Figure 5‑15. Kernel Density Estimate for the total copy number of SpoIIQ and SpoIIIAH in the population of cells imaged. 
Upper: Raw data histogram, mean, standard deviation and standard error of the mean
Middle: Kernel Density Estimate using SEM as bandwidth
Lower: Kernel Density Estimate using SD as bandwidth

Negative X values are observed on the Kernel Density Estimate because observations close to zero will have parts of the probability density at negative values of X. The estimate for the copy number of SpoIIQ is 2986 ±372 and for SpoIIIAH is 850±157. This is a marked difference between the two proteins which are believed to interact in a 1:1 ratio with each other through crystallographic evidence.
There are a few possible reasons for the mismatch in copy number between the two proteins. Firstly, the two strains may not be at exactly the same sporulation stage, the Ypet-SpoIIQ strain may be further along the sporulation pathway than the Ypet-SpoIIIAH strain. This may be the case as the two strains were not grown simultaneously with each other. This can be seen in images where the SpoIIIAH strain shows asymmetric septa and partially engulfed forespores where some of the SpoIIQ images show fully engulfed forespores. To test this hypothesis it would be necessary to image the two strains when they are both at the same sporulation stage. 
Alternatively, it could be possible that the proteins do not always reside in complex with each other and there is an excess of SpoIIQ in the forespore compared to SpoIIIAH. A less likely alternative is that the proteins do not interact in a 1:1 ratio as seen in SEC-MALLS and crystallography experiments [59]. 
5.8 [bookmark: _Ref521940134][bookmark: _Toc1211996]New SpoIIQ fusions
5.8.1 [bookmark: _Ref525035771][bookmark: _Toc1211997]SpoIIQ fusions at spoIIQ locus
With the unexpected observation from Slimfield microscopy of Ypet signal from the mother cell during sporulation, a new set of constructs were designed in which the fusion protein coding sequence is integrated at the spoIIQ locus on the host chromosome. Construct design followed the same principle as for the spoIIIAH fusions, Figure 5‑16, involving a pUC19 vector. The spectinomycin resistance cassette (spcR 884 base pairs) was amplified from pBaSysBio-II [116] by PCR using primers detailed in Appendix 7.3.1.
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[bookmark: _Ref521497343][bookmark: _Toc1212113]Figure 5‑16. Schematic representation of fragments required for spoIIQ fusion cloning in spoIIQ locus. 
Restriction endonuclease sites indicated in black. Coloured lines above each fragment are representative of the primers required for PCR amplification with complementary regions represented by corresponding colours. 

The promoter region of spoIIQ (300 base pairs), the coding sequence of spoIIQ (852 base pairs) and the 300 base pairs downstream of spoIIQ were amplified by PCR from B. subtilis genomic DNA. The DNA sequences encoding ypet, mGFP, mCherry and mEos2 were amplified as previously described. All PCR products were analysed by agarose gel electrophoresis before assembly of the fusions using the HiFi reaction. The HiFi assembly mix was then used as a PCR template to amplify the pspoIIQ-fusion-spoIIQ-spcR-dspoIIQ assembled fragment before agarose gel extraction of the fragment of the correct length, Figure 5‑17. A further HiFi reaction was then used to ligate the fragment into the HindIII linearized pUC19. This HiFi reaction mixture was then used to transform NEB 5α competent cells as previously described to recover the plasmids of interest by miniprep. 
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[bookmark: _Ref521931796][bookmark: _Toc1212114]Figure 5‑17. Agarose gel electrophoresis analysis of ypet-spoIIQ fusion in pUC19. 
Components pspoIIQ, ypet, spoIIQ, spcR and dspoIIQ loaded as controls in lanes 2-6. Lanes 7 & 8 contain the PCR reaction mix following HiFi assembly of the components for the ypet-spoIIQ fusion. The band at approximately 3000 base pairs is indicative of the fully assembled fragment. 

The recovered plasmids were sent for sequencing (Eurofins) using the primers used for amplification of individual fragments with sequencing reads continuing into the plasmid backbone and completely covering the insert. 
Recovered plasmids were linearized by digestion with the restriction endonuclease BamHI before being used to transform competent IB333 B. subtilis as previously to create strains listed in Table 5‑2. The transformation mixture was plated onto LB agar supplemented with 35 μg/ml spectinomycin. Colonies observed following overnight incubation at 37 °C were then picked and plated onto DSM agar to assess their sporulation efficiency. The observed sporulation efficiency was low compared to strain AH101-105 and no sporulation was observed for the mEos2-SpoIIQ fusion. Multiple attempts at the B. subtilis transformations to achieve higher sporulation efficiency were made without success. 
[bookmark: _Ref523750282][bookmark: _Toc1212035]Table 5‑2. List of spoIIQ fusions created at spoIIQ locus 

	Strain identifier
	Genotype

	AH106
	spoIIQ::ypet-spoIIQ-spcR

	AH107
	spoIIQ::mGFP-spoIIQ-spcR

	AH108
	spoIIQ::mCherry-spoIIQ-spcR

	AH109
	spoIIQ::mEos2-spoIIQ-spcR



Strains AH106-108 were grown as previously described for epifluorescence imaging. Images obtained, Figure 5‑18, show that whilst there was some signal from the fluorescent fusions, it was not localised to the forespore side of the asymmetric septum but was instead diffuse throughout the cell. 
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[bookmark: _Ref521674617][bookmark: _Toc1212115]Figure 5‑18. Fluorescent images of SpoIIQ fusions at the spoIIQ locus
Images are an overlay of bright field and fluorescent signal. Fluorescent signal obtained is weak and diffuse throughout the cells indicating a mislocalizaton. 

The observation of diffuse non-localised fluorescent signal, coupled with the poor sporulation efficiency suggests that although the construct has integrated into the chromosome, as indicated by the acquisition of spectinomycin resistance, an unexplained sporulation defect has been introduced. As such, it was decided to revisit integration at the amyE locus and alternative spoIIQ fusions were designed. 
5.8.2 [bookmark: _Toc1211998]SpoIIQ fusions at amyE locus
The complete sequence of plasmid pSG1154 has not been published, however as part of the work carried out in this thesis the sequence of the plasmid in the neighbourhood of the HindIII and SpeI sites was determined. This allowed the design of new spoIIQ fusions which could be constructed using the HiFi reaction to insert the fusion into the plasmid backbone thus bypassing the reliance on more classical cloning with T4 DNA ligase. 
As a ypet-spoIIQ fusion sequence had already been constructed, primers were designed to create the corresponding mGFP, mCherry and mEos2 spoIIQ fusions in pSG1154, Table 5‑3. So far the mGFP-spoIIQ plasmid alone has been assembled as a proof of concept. 
[bookmark: _Ref523752399][bookmark: _Toc1212036]Table 5‑3. New spoIIQ fusions at amyE locus.

	Strain identifier
	Genotype

	AH110
	amyE::mGFP-spoIIQ-spcR, spoIIQ::erm

	AH111
	amyE::mCherry-spoIIQ-spcR, spoIIQ::erm

	AH112
	amyE::mEos2-spoIIQ-spcR, spoIIQ::erm



The sequence encoding the promoter region of spoIIQ and the sequence encoding spoIIQ were amplified by PCR using the primers described in Appendix 7.3.1 from B. subtilis chromosomal DNA. The sequence encoding mGFP was amplified from plasmid pAS15 using primers detailed in Appendix 7.3.1. 
Agarose gel electrophoresis analysis of the fragments was performed, Figure 5‑19, before the three fragments were mixed in a 1:1:1 reaction (50 ng of each) for the HiFi reaction. This reaction mix was then used as a PCR template to amplify the assembled fragment (approximately 2000 base pairs) which was isolated by agarose gel electrophoresis. Plasmid pAHIIQ01 was subject to HindIII and SpeI restriction endonuclease digestion to remove the ypet-spoIIQ fusion portion and the plasmid backbone (approximately 7000 base pairs) was purified. The plasmid backbone and mGFP-spoIIQ fragment were then ligated in a second HiFi reaction and the assembly mix was used to transform NEB 5α competent E. coli cells. The transformation mix was plated onto LB agar supplemented with 100 μg/ml ampicillin and grown overnight at 37 °C. 
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[bookmark: _Ref521933891][bookmark: _Toc1212116]Figure 5‑19. Agarose gel electrophoresis analysis of amplification of components for mGFP-spoIIQ fusion at spoIIQ locus. 

Colonies which grew overnight were tested for the presence of the mGFP-spoIIQ insert by colony PCR using the forward pspoIIQ primer and the reverse spoIIQ primer. A single positive colony was obtained and this was used to inoculate and overnight culture in LB medium supplemented with 100 μg/ml ampicillin to enable plasmid recovery by miniprep. The recovered plasmid was subject to endonuclease restriction digest using HindIII and SpeI, Figure 5‑20, to check for the presence of the insert. 
[image: ]
[bookmark: _Ref522022908][bookmark: _Toc1212117]Figure 5‑20. Restriction endonuclease digest of mGFP-spoIIQ plasmid, pSG1154 backbone. 
Cut pSG1154 lane contains plasmid backbone without insert, mGFP-spoIIQ lane shows plasmid backbone and 2000 base pair insert. 

As the restriction digest showed that the recovered plasmid contained the 2000 base pair insert, the plasmid was sent for sequencing (Eurofins) using the amplification primers as sequencing primers. The sequenced DNA matched with the expected sequence of the mGFP-spoIIQ insert as well as with a portion of the plasmid backbone. This plasmid has not yet been used to transform competent IB333. 

5.9 [bookmark: _Toc1211999]Discussion
Here, a series of cloning experiments have been described to create integration vectors containing fusions of spoIIQ and spoIIIAH to sequences encoding a series of fluorescent tags. These vectors were designed to incorporate the fusions into either the amyE locus or the spoIIQ or the spoIIIAH loci. Fusions of spoIIIAH were integrated at the native spoIIIAH locus producing strains which were capable of forming spores and when observed using fluorescence microscopy displayed fluorescence corresponding to the fused fluorescent fusion. A ypet fusion to spoIIQ was constructed in a plasmid which would integrate at the amyE locus. This plasmid was successfully integrated into this locus in a spoIIQ null background and produced a sporulating strain (AH101) which displayed a Ypet fluorescent signal when observed using fluorescence microscopy. Fusions of spoIIQ were later constructed that were designed to integrate at the spoIIQ locus. Integration of these plasmids into B. subtilis resulted in poor sporulation phenotype and weak diffuse fluorescent signal throughout the cell.
The failure of strains AH106-109 to sporulate efficiently and weak diffuse fluorescent signal could be due to misfolding or mislocalizaton of the fusion or alternatively a polar effect on the expression of the fusion or surrounding genes on the chromosome. It is unlikely that the fusions are misfolded or mislocalized as no problems were encountered with strain AH101 (ypet-spoIIQ). Though spoIIQ is not part of an operon, there is another open reading frame 111 base pairs downstream of spoIIQ. Like spoIIQ, this gene ywnJ is regulated by σF and is upregulated during sporulation [145] Figure 5‑21. 
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[bookmark: _Ref522186954][bookmark: _Toc1212118]Figure 5‑21. Genomic context of spoIIQ and ywnJ
Grey outline shows mRNA transcript length. There is a Rho independent terminator between the transcription end of spoIIQ and start of ywnJ. Image taken from [146]. 

YwnJ is a 140 amino acid residue protein predicted to have four transmembrane spanning helices that has a VanZ family fold. VanZ is implicated in conferring low-level resistance to the antibiotic teicoplanin, Figure 5‑22, which targets and inhibits peptidoglycan synthesis in Gram-positive organisms. The function of YwnJ in the forespore is unclear despite the homology to VanZ. A significant amount of cell wall remodelling occurs during engulfment and so it is perhaps not surprising that B. subtilis would have a protein capable of conferring resistance to antibiotics which inhibit peptidoglycan synthesis. 

[image: ]
[bookmark: _Ref522186972][bookmark: _Toc1212119]Figure 5‑22. Skeletal structure of teicoplanin and the 5 most common R groups attached to teicoplanin core. 

It is possible that insertion of the spoIIQ fusion at the spoIIQ locus has had an effect on the transcription of ywnJ resulting in the observed sporulation defect. 
Fusions of spoIIIAH which were designed to integrate at the spoIIIAH locus were successfully assembled into pUC19 and integrated into the B. subtilis chromosomal DNA. These strains (AH102-105) were capable of forming spores and showed the expected pattern of fluorescence localisation. The Ypet-SpoIIQ and Ypet-SpoIIIAH fusions were imaged using Slimfield microscopy and the total copy number for both proteins was determined. 
The copy number of SpoIIQ was approximately three times higher than the copy number of SpoIIIAH, Figure 5‑15. This observation was unexpected as it was assumed that a 1:1 ratio of SpoIIQ and SpoIIIAH would result in similar copy numbers. The variation in copy number could be due to the two strains being in different sporulation stages, which could mean that the expression profile of spoIIQ and spoIIIAH is slightly different resulting in different copy numbers. 
The Ypet signal observed using Slimfield microscopy was too intense to allow determination of the stoichiometry of SpoIIQ and SpoIIIAH. To determine the stoichiometry, an alternative imaging technique will be required such as TIRF (Total Internal Reflection Fluorescence) microscopy which utilises an evanescent field to illuminate approximately 100 nm of sample which is less than that observed using Slimfield microscopy. This results in less excitation of the sample which may allow the determination of the stoichiometry. 
Construction of the mGFP-spoIIQ fusion in the pSG1154 vector backbone will allow dual colour labelling of both SpoIIQ and SpoIIIAH in the same cell. The mGFP-spoIIQ plasmid must first be transformed into a competent B. subtilis strain to integrate the construct into the amyE locus. The resulting strain must then be crossed with a spoIIQ null mutant to ensure that only labelled SpoIIQ is expressed in vivo. The resulting strain could then be crossed with the strain expressing mCherry-SpoIIIAH allowing dual colour labelling of both proteins. This will allow imaging of both proteins at the same time showing co-localization of both proteins. 


Chapter 6 [bookmark: _Toc1212000]– Summary and future work
6.1 [bookmark: _Toc1212001]Bacillus subtilis peptide binding proteins
Bacillus subtilis ABC peptide binding protein DppE has hitherto been described as a dipeptide binding protein however, in this thesis the crystal structure of BsuDppE has been solved which reveals that the protein is in fact a murein tripeptide binding protein, Section 3.4.3. Murein tripeptide forms part of the bacterial cell wall peptidoglycan. The peptide forms the crosslink between the sugar chains and has the sequence N-L-Ala1-D-Glu2-mDAP3-C. The structure of BsuDppE in complex with murein tripeptide closely resembles that of the structure of Escherichia coli murein tripeptide binding protein MppA. The residues involved in binding the peptide are conserved between both proteins with a key aspartate residue coordinating the α-amino group in Ala1 as well as an arginine residue coordinating the α-carboxylate of Glu2. 
The Bsudpp operon is formed of five protein encoding genes, dppABCDE. The expression of the operon is repressed during vegetative growth by the global transcriptional regulator CodY but de-repressed during starvation and sporulation conditions. Immediately downstream of the dpp operon are four co-transcribed genes, ykfABCD whose gene products have predicted functions related to the degradation of peptidoglycan. Coupled to this, DppA is known to be a zinc dependent D-aminopeptidase, D-amino acids are found in the peptide cross links in peptidoglycan. During sporulation, a significant amount of peptidoglycan thinning and remodelling occurs to enable engulfment of the developing forespore. As such, it seems that B. subtilis has developed a specialist transport system for the recovery of degraded peptidoglycan released during remodelling. Recovery of this potential source of energy would seem to be a distinct advantage since sporulation occurs during severe nutrient limitation and the pathway is highly energy intensive due to the significant changes in transcription and protein production. 
Whilst BsuDppE appears to fulfil a specialist transport role, BsuOppA appears to be a general peptide uptake system that has an important role in uptake of nutrients but also has a role in the uptake of signalling peptides involved in sporulation initiation. Here the structure of BsuOppA in complex with a tetrapeptide modelled as N-Ser1-Asn2-Ser3-Ser4-C, Section 3.3.3 has been determined. This model is representative of a crystallographically averaged population of peptides in that Cβ positions are clearly defined in the electron density as well as the Cγ position and further at residue 2. A peptide binding screen with BsuOppA was performed using the thermal shift assay to determine the range of peptides that BsuOppA is capable of binding, Section 3.5.1. This screen, and other published work, suggest that BsuOppA is capable of binding tri, tetra and pentapeptides containing amino acids with polar and positively charged side chains. Further, the binding affinities of four peptides with BsuOppA were recorded in the range of 440 nM to 21 μM. Two of the peptides tested form part of the signalling system involved in sporulation initiation. Both of these peptides, Ala-Arg-Asn-Gln-Thr (PhrA) and Ser-Arg-Asn-Val-Thr (PhrE), displayed similar binding affinities (21.3 and 21.0 μM respectively) to BsuOppA. Further to this, material recovered directly from the ligand binding experiments was used in crystallisation experiments. From this, the crystal structure of BsuOppA in complex with PhrE was determined to a resolution of 1.9 Å, Section 3.6.1. 
The crystal structure of BsuOppA in complex with the pentapeptide PhrE and the BsuOppA tetrapeptide structure reveal that the binding of tetra and pentapeptides follows a common theme at the N-terminus of the ligand with Asp429 forming a salt bridge to the α-amino group at the N-termini of the ligands as well as with the backbone carbonyl of Leu427. Further similar β-sheet like interactions are observed between residues Ser41, Gly425 and Asn376 in both structures. Specificity towards PhrE may be as a result of a two pronged salt bridge formed between Asp449 and the side chain guanidinium group of the arginine in position two. This interaction is not seen in the tetrapeptide structure. 
Clearly B. subtilis has the ability to utilise a wide range of peptides through the two generalist uptake systems of Opp and App as well as the ability to transport specialist peptides through the Dpp system. Further research into these systems should focus on binding studies with BsuDppE. Muro-peptides are difficult to synthesise and hence are usually isolated from biological systems. It would be interesting to determine the binding affinity of BsuDppE with murein tripeptide and determine whether the protein is capable of binding murein tetra and pentapeptides both of which have either one or two additional D-alanine residues attached to the tripeptide after the mDAP. Work on BsuOppA could involve further binding experiments with shorter Phr analogues such as Ser-Arg-Asn-Val and Ser-Arg-Asn for example as it is not absolutely certain that when re-imported Phr peptides are pentapeptides. Further to this, it would be interesting to determine the crystal structure of BsuOppA in complex with PhrA as although this was attempted, no crystals yielding X-ray diffraction were obtained. 


6.2 [bookmark: _Toc1212002]Clostridioides difficile peptide binding proteins
In this thesis, the structure of CdAppA has been reported to a resolution of 2 Å, Section 4.4.2. This structure does not contain a bound peptide like the structures determined for the B. subtilis peptide binding proteins solved here. As yet it has not been possible to determine the crystal structure of CdOppA despite multiple crystallisation optimisation experiments, Section 4.3. 
Both CdAppA and CdOppA were screened for peptide binding using the thermal shift assay. No thermal shift was observed for any peptide ligand with either protein indicating no ligand binding, Section 4.5. This was not entirely unexpected since both proteins appear to lack the so called peptide binding signature sequence seen in other peptide binding proteins. Coupled to this, previous studies investigating these proteins have shown that wild type and mutant strains were unable to utilise 5 and 10 amino acid residue peptides as the sole source of amino acids in minimal media. This raises the question as to whether the protein functions have perhaps been misidentified. 
The exact biological function of these proteins is unclear and requires significantly more research beyond the scope of this thesis to determine the function of these transporters. It is possible that CdOppA may be a nickel transport system given the proteins sequence similarity and predicted structural homology to NikA and NikZ, Section 4.6. To test this, further binding studies should be performed to determine whether CdOppA displays any affinity to nickel and histidine. CdAppA’s function is also unclear. It is possible that the protein is involved in the transport of amino acids rather than peptides which could be determined through ligand binding screening with all naturally occurring amino acids. 

6.3 [bookmark: _Toc1212003]Bacillus subtilis SpoIIQ and SpoIIIAH
In this thesis, significant cloning experiments have been described to produce fluorescent fusions to SpoIIQ and SpoIIIAH. Both of these proteins are involved in the engulfment of the developing forespore by the larger mother cell in a phagocytic like mechanism. Four fluorescent proteins, Ypet, mGFP, mCherry and mEos2, were fused to each protein with the ultimate aim to determine the stoichiometry of SpoIIQ and SpoIIIAH when in complex with each other in live cells, which has not been achieved previously, using Slimfield microscopy.
Strain AH101, with the genotype amyE::ypet-spoIIQ-spcR spoIIQ::erm, displayed strong Ypet signal when imaged using fluorescence microscopy which was localised to the asymmetric sporulation septum and around the engulfing and engulfed forespore membrane as observed previously, Section 5.4. When imaged using Slimfield microscopy a small amount of Ypet signal was unexpectedly observed in the mother cell indicating the presence of leaky expression of the ypet-spoIIQ fusion, probably driven from an upstream mother cell promoter. This observation lead to further cloning experiments to form fluorescent fusions whose coding sequence was integrated at the spoIIQ locus on the host chromosome, Section 5.8.1. These fusions had poor sporulation efficiency and weak diffuse fluorescent signal and as such it was decided to revisit integration at the amyE locus. 
Strains AH102-105, which expressed SpoIIIAH fusions, Section 5.6, were also imaged by fluorescence microscopy. These cells all showed clear fluorescent signal localised to the asymmetric sporulation septum and around the engulfing and engulfed forespore with some mother cell background. This mother cell background was expected for SpoIIIAH since the protein is mother cell expressed which is inserted into the membrane and undergoes diffusion and capture at the asymmetric septum. Strain AH102 was also imaged by Slimfield microscopy with images obtained showing the expected localisation pattern. 
Copy number analysis was performed on images obtained from Slimfield microscopy which reveals that the copy number of SpoIIQ is approximately three times higher than the SpoIIIAH copy number which is a marked difference to the 1:1 ratio shown by SEC-MALLS and X-ray crystallography, Section 5.7.3. There a few possible reasons for the copy number mismatch, for example the strains may not be in exactly the same sporulation stage as the samples were grown independently to each other. Alternatively, it may be that there is a genuine excess of SpoIIQ and that the proteins do not always reside in complex with each other. More imaging and data analysis is required to further probe this observation. Further, a dual labelled strain could be constructed allowing copy number to be determined for both proteins in the same cell.
Unfortunately it has not as yet been possible to determine the stoichiometry of the SpoIIQ-SpoIIIAH complex using Slimfield microscopy as the Ypet signal observed was too intense. Future work to determine the stoichiometry of this complex will require the use of an alternative super-resolution microscopy technique such as TIRF which illuminates less of the sample compared to Slimfield and hence there is less excitation of the fluorophore which may allow determination of the stoichiometry of the complex.

Chapter 7 [bookmark: _Toc1212004]– Appendix
7.1 [bookmark: _Toc1212005] Bacillus subtilis peptide binding proteins
7.1.1 [bookmark: _Ref524958931][bookmark: _Ref524962304][bookmark: _Ref524963465][bookmark: _Toc1212006]Oligonucleotide primers
[bookmark: _Toc1212037]Table 7‑1. Primers for B. subtilis peptide binding proteins
Sequence identical to pETYSBLIC vector emboldened and underlined in lowercase. Gene specific sequence in uppercase. 
	Primer identifier 
	Sequence

	F_BsuOppA
	tccagggaccagcaAAAGGAAAGACGACACTTAACATTAATATTAAAACTGA

	R_BsuOppA
	tgaggagaaggcgcgTTATTTAAAATATGCGTTTCTGAAATAAACCTCACC

	F_BsuDppE
	ccagggaccagcaAGCGGAGAAAAGGTGCTGTATGTAAATAAT

	R_BsuDppE
	tgaggagaaggcgcgTCAGTTTTTATCTGCCCATTTTAAATCGATATAGC



7.1.2 [bookmark: _Ref524959496][bookmark: _Toc1212007]Oligonucleotide primers
[bookmark: _Toc1212038]Table 7‑2. Primers for pETYSBLIC3C linearization 
	Primer identifier 
	Sequence

	F_YSBLIC3C
	CGCGCCTTCTCCTCACATATGGCTAGC

	R_YSBLIC3C
	TGCTGGTCCCTGGAACAGAACTTCC



7.1.3 [bookmark: _Ref533778381][bookmark: _Toc1212008]Sequence information
BsuOppA full nucleotide sequence, construct underlined:
ATGAAAAAACGTTGGTCGATTGTCACGTTGATGCTCATTTTCACTCTCGTGCTGAGCGCGTGCGGCTTTGGCGGCAGCGGATCAAACGGTGAAGGGAAAAAGGACAGTAAAGGAAAGACGACACTTAACATTAATATTAAAACTGAGCCGTTCTCCTTACATCCGGGATTGGCAAATGATTCAGTATCAGGCGGTGTTATCCGTCAGACTTTTGAAGGATTGACACGTATCAATGCAGATGGTGAGCCTGAAGAAGGCATGGCTTCTAAAATTGAAACGAGCAAGGACGGAAAGACATATACATTTACCATTCGTGATGGTGTGAAATGGTCTAATGGAGACCCTGTAACTGCACAAGATTTTGAATATGCTTGGAAATGGGCGCTTGACCCTAATAATGAATCACAATACGCTTACCAGCTCTACTACATAAAAGGTGCTGAAGCGGCGAATACCGGAAAAGGCAGCCTAGACGATGTGGCAGTAAAAGCTGTGAATGACAAAACGCTGAAGGTTGAATTAAATAACCCGACTCCATATTTCACTGAATTAACTGCGTTCTATACGTATATGCCGATCAATAAGAAAATTGCAGAGAAAAATAAAAAGTGGAATACAAATGCCGGAGATGATTATGTATCAAACGGGCCGTTCAAAATGACGGCATGGAAACACAGCGGCTCTATTACTCTCGAAAAAAATGACCAGTATTGGGATAAAGACAAAGTCAAACTGAAGAAAATCGATATGGTTATGATCAACAATAACAATACGGAACTAAAAAAATTCCAAGCTGGCGAACTTGATTGGGCCGGTATGCCGCTCGGACAGCTTCCGACAGAATCCCTGCCGACCCTGAAAAAAGACGGTTCTTTACATGTTGAGCCGATTGCAGGAGTGTATTGGTACAAATTCAACACTGAAGCTAAGCCATTAGACAACGTCAATATCCGTAAAGCTTTAACATATTCGCTTGACCGTCAGTCGATTGTTAAAAACGTTACGCAAGGAGAGCAAATCCCGGCAATGGCTGCAGTGCCGCCTACAATGAAGGGATTTGAGGATAACAAAGAAGGATACTTCAAAGACAATGATGTCAAAACAGCAAAAGAATACCTTGAAAAAGGCCTAAAAGAAATGGGCTTAAGCAAGGCATCTGATTTGCCAAAAATCAAATTGTCTTACAACACTGATGACGCACACGCGAAAATCGCTCAAGCAGTACAAGAAATGTGGAAGAAAAATTTAGGCGTTGATGTTGAGCTTGATAACTCAGAGTGGAATGTCTATATTGATAAGCTCCACAGCCAAGATTATCAAATCGGCCGTATGGGCTGGCTCGGCGACTTCAATGATCCTATCAACTTCCTTGAATTGTTCCGCGACAAAAACGGAGGAAATAACGATACAGGCTGGGAAAATCCAGAATTCAAAAAGCTTCTGAATCAGTCACAAACTGAAACAGATAAAACAAAACGTGCAGAGCTGCTGAAAAAAGCAGAAGGTATTTTCATTGATGAAATGCCGGTTGCCCCAATCTATTTCTATACTGATACTTGGGTACAGGATGAAAACCTAAAAGGTGTTATCATGCCAGGTACTGGTGAGGTTTATTTCAGAAACGCATATTTTAAATAA


BsuOppA full protein sequence, construct underlined:
MKKRWSIVTLMLIFTLVLSACGFGGSGSNGEGKKDSKGKTTLNINIKTEPFSLHPGLANDSVSGGVIRQTFEGLTRINADGEPEEGMASKIETSKDGKTYTFTIRDGVKWSNGDPVTAQDFEYAWKWALDPNNESQYAYQLYYIKGAEAANTGKGSLDDVAVKAVNDKTLKVELNNPTPYFTELTAFYTYMPINEKIAEKNKKWNTNAGDDYVSNGPFKMTAWKHSGSITLEKNDQYWDKDKVKLKKIDMVMINNNNTELKKFQAGELDWAGMPLGQLPTESLPTLKKDGSLHVEPIAGVYWYKFNTEAKPLDNVNIRKALTYSLDRQSIVKNVTQGEQMPAMAAVPPTMKGFEDNKEGYFKDNDVKTAKEYLEKGLKEMGLSKASDLPKIKLSYNTDDAHAKIAQAVQEMWKKNLGVDVELDNSEWNVYIDKLHSQDYQIGRMGWLGDFNDPINFLELFRDKNGGNNDTGWENPEFKKLLNQSQTETDKTKRAELLKKAEGIFIDEMPVAPIYFYTDTWVQDENLKGVIMPGTGEVYFRNAYFK

Protein sequence with hexahistidine tag and HRV3C protease cleavage tag, mature protein post cleavage underlined:
MGSSHHHHHHSSGLEVLFQGPAKGKTTLNINIKTEPFSLHPGLANDSVSGGVIRQTFEGLTRINADGEPEEGMASKIETSKDGKTYTFTIRDGVKWSNGDPVTAQDFEYAWKWALDPNNESQYAYQLYYIKGAEAANTGKGSLDDVAVKAVNDKTLKVELNNPTPYFTELTAFYTYMPINEKIAEKNKKWNTNAGDDYVSNGPFKMTAWKHSGSITLEKNDQYWDKDKVKLKKIDMVMINNNNTELKKFQAGELDWAGMPLGQLPTESLPTLKKDGSLHVEPIAGVYWYKFNTEAKPLDNVNIRKALTYSLDRQSIVKNVTQGEQMPAMAAVPPTMKGFEDNKEGYFKDNDVKTAKEYLEKGLKEMGLSKASDLPKIKLSYNTDDAHAKIAQAVQEMWKKNLGVDVELDNSEWNVYIDKLHSQDYQIGRMGWLGDFNDPINFLELFRDKNGGNNDTGWENPEFKKLLNQSQTETDKTKRAELLKKAEGIFIDEMPVAPIYFYTDTWVQDENLKGVIMPGTGEVYFRNAYFK

BsuDppE full nucleotide sequence, construct underlined:
ATGAAAAGGGGGAAGAGGATGAAACGAGTGAAAAAGCTATGGGGCATGGGTCTTGCATTAGGACTTTCGTTTGCGCTGATGGGGTGCACAGCAAATGAACAGGCCGGAAAAGAAGGCAGTCATGATAAGGCAAAAACCAGCGGAGAAAAGGTGCTGTATGTAAATAATGAAAATGAACCGACTTCATTCGATCCGCCGATCGGCTTTAATAATGTGTCATGGCAGCCGTTAAATAACATCATGGAGGGGCTGACGCGTCTTGGCAAAGATCATGAGCCCGAGCCGGCAATGGCGGAGAAATGGTCTGTTTCGAAAGATAATAAAACTTACACATTTACGATTCGGGAAAATGCGAAATGGACAAACGGAGATCCTGTAACAGCCGGAGACTTCGAATACGCGTGGAAGCGGATGCTTGATCCGAAAAAAGGCGCTTCATCGGCATTCCTAGGTTATTTTATTGAAGGCGGCGAAGCATATAACAGCGGGAAAGGGAAAAAAGACGATGTGAAGGTGACGGCAAAGGATGATCGAACCCTTGAAGTTACACTGGAAGCACCGCAAAAATATTTCCTGAGCGTTGTGTCCAATCCCGCGTATTTCCCGGTAAATGAAAAGGTCGATAAAGACAATCCAAAGTGGTTTGCTGAGTCGGATACATTTGTCGGAAACGGCCCGTTTAAGCTGACGGAATGGAAGCATGATGACAGCATCACAATGGAGAAAAGCGACACGTATTGGGATAAGGATACAGTGAAGCTTGATAAGGTGAAATGGGCGATGGTCAGTGACAGAAATACAGATTACCAGATGTTTCAATCAGGGGAACTTGATACCGCTTATGTCCCTGCTGAGCTGAGTGATCAGCTGCTTGATCAGGATAACGTCAATATTGTTGACCAGGCGGGTCTCTATTTCTATCGATTTAATGTCAACATGGAGCCGTTCCAAAATGAAAACATCAGAAAAGCCTTTGCGATGGCTGTGGATCAAGAGGAAATTGTAAAGTACGTCACGAAAAATAATGAAAAACCGGCGCACGCCTTTGTATCGCCTGGGTTTACGCAGCCTGACGGCAAAGATTTCCGTGAAGCAGGCGGAGACCTGATCAAGCCTAACGAAAGCAAAGCGAAGCAGCTGCTCGAAAAGGGCATGAAGGAAGAAAACTATAATAAGCTTCCTGCGATCACGCTTACTTACAGCACAAAGCCGGAGCATAAAAAGATTGCCGAAGCTATTCAGCAAAAATTGAAAAATAGCCTTGGAGTCGATGTGAAGCTGGCCAATATGGAATGGAACGTATTTTTAGAGGATCAAAAAGCGCTGAAATTCCAATTCTCTCAAAGCTCATTTTTGCCTGATTATGCAGACCCTATCAGTTTTCTGGAAGCCTTTCAAACGGGAAATTCGATGAACCGCACAGGCTGGGCCAATAAAGAATACGATCAGCTGATCAAACAGGCGAAAAACGAAGCCGATGAAAAAACACGGTTCTCTCTTATGCATCAAGCTGAAGAGCTGCTCATCAATGAAGCGCCGATCATTCCGGTTTATTTTTATAATCAGGTTCACCTGCAAAATGAACAAGTAAAAGGAATTGTCCGTCACCCTGTCGGCTATATCGATTTAAAATGGGCAGATAAAAACTGA

BsuDppE full protein sequence, construct underlined:
MKRGKRMKRVKKLWGMGLALGLSFALMGCTANEQAGKEGSHDKAKTSGEKVLYVNNENEPTSFDPPIGFNNVSWQPLNNIMEGLTRLGKDHEPEPAMAEKWSVSKDNKTYTFTIRENAKWTNGDPVTAGDFEYAWKRMLDPKKGASSAFLGYFIEGGEAYNSGKGKKDDVKVTAKDDRTLEVTLEAPQKYFLSVVSNPAYFPVNEKVDKDNPKWFAESDTFVGNGPFKLTEWKHDDSITMEKSDTYWDKDTVKLDKVKWAMVSDRNTDYQMFQSGELDTAYVPAELSDQLLDQDNVNIVDQAGLYFYRFNVNMEPFQNENIRKAFAMAVDQEEIVKYVTKNNEKPAHAFVSPGFTQPDGKDFREAGGDLIKPNESKAKQLLEKGMKEENYNKLPAITLTYSTKPEHKKIAEAIQQKLKNSLGVDVKLANMEWNVFLEDQKALKFQFSQSSFLPDYADPISFLEAFQTGNSMNRTGWANKEYDQLIKQAKNEADEKTRFSLMHQAEELLINEAPIIPVYFYNQVHLQNEQVKGIVRHPVGYIDLKWADKN

Protein sequence with hexahistidine tag and HRV3C protease cleavage tag, mature protein post cleavage underlined:
MGSSHHHHHHSSGLEVLFQGPAEKVLYVNNENEPTSFDPPIGFNNVSWQPLNNIMEGLTRLGKDHEPEPAMAEKWSVSKDNKTYTFTIRENAKWTNGDPVTAGDFEYAWKRMLDPKKGASSAFLGYFIEGGEAYNSGKGKKDDVKVTAKDDRTLEVTLEAPQKYFLSVVSNPAYFPVNEKVDKDNPKWFAESDTFVGNGPFKLTEWKHDDSITMEKSDTYWDKDTVKLDKVKWAMVSDRNTDYQMFQSGELDTAYVPAELSDQLLDQDNVNIVDQAGLYFYRFNVNMEPFQNENIRKAFAMAVDQEEIVKYVTKNNEKPAHAFVSPGFTQPDGKDFREAGGDLIKPNESKAKQLLEKGMKEENYNKLPAITLTYSTKPEHKKIAEAIQQKLKNSLGVDVKLANMEWNVFLEDQKALKFQFSQSSFLPDYADPISFLEAFQTGNSMNRTGWANKEYDQLIKQAKNEADEKTRFSLMHQAEELLINEAPIIPVYFYNQVHLQNEQVKGIVRHPVGYIDLKWADKN


7.2 [bookmark: _Toc1212009]Clostridioides difficile peptide binding proteins
7.2.1 [bookmark: _Ref524958953][bookmark: _Toc1212010]Oligonucleotide primers
[bookmark: _Toc1212039]Table 7‑3. Primers for C. difficle peptide binding proteins 
Sequence identical to pETYSBLIC vector emboldened and underlined in lowercase. Gene specific sequence in uppercase. 
	Primer identifier 
	Sequence

	F_CdOppA
	ttccagggaccagcaAATGACTATACAAGTATAAATCCTG

	R_CdOppA
	tgaggagaaggcgcgTTATTCAATTGTCCAGTCAGC

	F_CdAppA
	ttctgttccagggaccagcaGGAGCTTTTGCAAACGTTAAAG

	R_CdAppA
	atatgtgaggagaaggcgcgTTATTCTACATACAGTTTAGACCAA



[bookmark: _Toc1212040]Table 7‑4. Primers for C. difficile OppA based on E. coli codon optimised Genscript synthesised CdOppA gene
Sequence identical to pETYSBLIC vector emboldened and underlined in lowercase. Gene specific sequence in uppercase. 
	Primer identifier 
	Sequence

	F_CdOppA2
	ttctgttccagggaccagcaAGCAGCGGTGGCGACAAG

	R_CdOppA2
	atatgtgaggagaaggcgcgTTACTCAATGGTCCAATCCGCG



7.2.2 [bookmark: _Toc1212011]Sequence information
CdOppA full nucleotide sequence (CD630_08550), construct underlined:
ATGAAATTAAAGAAGTTAAAAGTTTTAAGTTTAGTAATGATACTTAGTCTAATGGCAGGTTGTTCTAGTGGAGGAGACAAAGATAAGAAGGCAGATACGCCTAAAGATGGAAAGGTACTTGTTTATGGAAGTAATGACTATACAAGTATAAATCCTGCACTATACGAACATGGAGAAATAAATTCGTTAATATTTAATGGATTAACAGCTCATGATGAAAATAATAAGGTGGTTCCTTGTCTAGCAAAGGACTGGAAATTTGATGAGGCAACAAATACATATACTTTTAATTTAAGAGATGATGTTAAGTGGCATGATGGAGAAAAATTTACAGCAAATGATGTTAAGTTTACAATAGAAACTATAATGAATCCAGATAATGCTTCTGAGATAGCATCAAATTATGAAGATATAACAAAAATTGATGTGGTTAATGATAATACTATAAAAATTACTTTAAAAGCTCCAAATACAGCAATGCTTGATTATTTAACAGTAGGAGTATTACCAAAACATGCTTTGGAAGGTAAGGATATAGCTACTGATGAATTTAATCAAAAACCAATAGGTACTGGACCATTTAAACTTGAAAAATGGGACAAAGGTCAAAGTATAACACTTGTTAAGAATAGTGATTATTTTGTAAAAGAACCAGGATTAGATAAAGTAGTCTTTAAGATTGTTCCAGATGATAAGGCTAAGGCAATGCAATTAAAATCAGGAGAATTAGACCTAGCTCAAATAACTCCTAAAGATATGTCTAACTTTGAAAAAGACGAAAAGAATTTTAAAGTAAATATAATGAAAACAGCCGACTATAGAGGTATATTATACAATTTTAATTCTAAATTCTTTAAAGATAAAAAAGCTAAAGGATTACCAAATGCTTTAAGCTATGCAATAGATAGAAAAGCAATAGTTGACAGTGTATTATTAGGACATGGTGTACCAGCATATTCACCTTTACAAATGGGACCATATAATAATCCTGATATAGAAAAGTTTGAATATAATCCAGAAAAAGCTAAACAAGAAATTGAAAAGCTAGGTTGGAAATTAGGTTCTGATGGAATCTATGAAAAAGAAGGTACTAAGTTAGCTTTCGAGATAACAGCAGGTGAGAGTGACCAAGTTAGAGTTGATATGGCTAAAATATGTGCACAACAGTTAAAAGAAATTGGTGTTGATGCTAAAGCTGTTGTTGTAACTGAAACAGATTGGGCTAATCAAGATGCTCATTTAATAGGTTGGGGAAGTCCATTTGACCCAGATGACCATACATATAAAGTATTTGGAACAGATAAAGGTGCAAATTACAGTGCTTACTCTAATCCTACTATAGATAAAATACTTCAAAAAGCAAGAGAAACAGAAGATAAAGATGAAAAATTAAAGTTATATAAACAATTCCAAGTAGAAATGACTAAGGATATGCCTTATACATTTATTGCTTATATAGATGCAATATATGTTGGAAAACCAAACATAAAAGGATTAACACCTGATACAGTTTTAGGTCATCATGGTGTAGGTATATTCTGGAACATAGCTGACTGGACAATTGAATAA

CdOppA full protein sequence, construct underlined:
MKLKKLKVLSLVMILSLMAGCSSGGDKDKKADTPKDGKVLVYGSNDYTSINPALYEHGEINSLIFNGLTAHDENNKVVPCLAKDWKFDEATNTYTFNLRDDVKWHDGEKFTANDVKFTIETIMNPDNASEIASNYEDITKIDVVNDNTIKITLKAPNTAMLDYLTVGVLPKHALEGKDIATDEFNQKPIGTGPFKLEKWDKGQSITLVKNSDYFVKEPGLDKVVFKIVPDDKAKAMQLKSGELDLAQITPKDMSNFEKDEKNFKVNIMKTADYRGILYNFNSKFFKDKKAKGLPNALSYAIDRKAIVDSVLLGHGVPAYSPLQMGPYNNPDIEKFEYNPEKAKQEIEKLGWKLGSDGIYEKEGTKLAFEITAGESDQVRVDMAKICAQQLKEIGVDAKAVVVTETDWANQDAHLIGWGSPFDPDDHTYKVFGTDKGANYSAYSNPTIDKILQKARETEDKDEKLKLYKQFQVEMTKDMPYTFIAYIDAIYVGKPNIKGLTPDTVLGHHGVGIFWNIADWTIE
Protein sequence with hexahistidine tag and HRV3C protease cleavage tag, mature protein post cleavage underlined:
MGSSHHHHHHSSGLEVLFQGPANDYTSINPALYEHGEINSLIFNGLTAHDENNKVVPCLAKDWKFDEATNTYTFNLRDDVKWHDGEKFTANDVKFTIETIMNPDNASEIASNYEDITKIDVVNDNTIKITLKAPNTAMLDYLTVGVLPKHALEGKDIATDEFNQKPIGTGPFKLEKWDKGQSITLVKNSDYFVKEPGLDKVVFKIVPDDKAKAMQLKSGELDLAQITPKDMSNFEKDEKNFKVNIMKTADYRGILYNFNSKFFKDKKAKGLPNALSYAIDRKAIVDSVLLGHGVPAYSPLQMGPYNNPDIEKFEYNPEKAKQEIEKLGWKLGSDGIYEKEGTKLAFEITAGESDQVRVDMAKICAQQLKEIGVDAKAVVVTETDWANQDAHLIGWGSPFDPDDHTYKVFGTDKGANYSAYSNPTIDKILQKARETEDKDEKLKLYKQFQVEMTKDMPYTFIAYIDAIYVGKPNIKGLTPDTVLGHHGVGIFWNIADWTIE

CdOppA New construct, construct underlined:
MKLKKLKVLSLVMILSLMAGCSSGGDKDKKADTPKDGKVLVYGSNDYTSINPALYEHGEINSLIFNGLTAHDENNKVVPCLAKDWKFDEATNTYTFNLRDDVKWHDGEKFTANDVKFTIETIMNPDNASEIASNYEDITKIDVVNDNTIKITLKAPNTAMLDYLTVGVLPKHALEGKDIATDEFNQKPIGTGPFKLEKWDKGQSITLVKNSDYFVKEPGLDKVVFKIVPDDKAKAMQLKSGELDLAQITPKDMSNFEKDEKNFKVNIMKTADYRGILYNFNSKFFKDKKAKGLPNALSYAIDRKAIVDSVLLGHGVPAYSPLQMGPYNNPDIEKFEYNPEKAKQEIEKLGWKLGSDGIYEKEGTKLAFEITAGESDQVRVDMAKICAQQLKEIGVDAKAVVVTETDWANQDAHLIGWGSPFDPDDHTYKVFGTDKGANYSAYSNPTIDKILQKARETEDKDEKLKLYKQFQVEMTKDMPYTFIAYIDAIYVGKPNIKGLTPDTVLGHHGVGIFWNIADWTIE

Protein sequence with hexahistidine tag and HRV3C protease cleavage tag, mature protein post cleavage underlined:
MGSSHHHHHHSSGLEVLFQGPASSGGDKDKKADTPKDGKVLVYGSNDYTSINPALYEHGEINSLIFNGLTAHDENNKVVPCLAKDWKFDEATNTYTFNLRDDVKWHDGEKFTANDVKFTIETIMNPDNASEIASNYEDITKIDVVNDNTIKITLKAPNTAMLDYLTVGVLPKHALEGKDIATDEFNQKPIGTGPFKLEKWDKGQSITLVKNSDYFVKEPGLDKVVFKIVPDDKAKAMQLKSGELDLAQITPKDMSNFEKDEKNFKVNIMKTADYRGILYNFNSKFFKDKKAKGLPNALSYAIDRKAIVDSVLLGHGVPAYSPLQMGPYNNPDIEKFEYNPEKAKQEIEKLGWKLGSDGIYEKEGTKLAFEITAGESDQVRVDMAKICAQQLKEIGVDAKAVVVTETDWANQDAHLIGWGSPFDPDDHTYKVFGTDKGANYSAYSNPTIDKILQKARETEDKDEKLKLYKQFQVEMTKDMPYTFIAYIDAIYVGKPNIKGLTPDTVLGHHGVGIFWNIADWTIE

CdAppA full nucleotide sequence (CD630_26720), construct underlined:
ATGAAATTTAAAAAATTGGCATCATTAATCTTAGTTTCATCATTAATGCTTACATTTACAGCCTGTGCTTCCAATGATAAAGACAAGTCTAATGGAAGCAAATCTGGTGGAACTGTTGTAATACCTATGGCAAGTGACCCAGATATAATCAATGGAGCTTTTGCAAACGTTAAAGAAGACTCTCTTGCATCAAATATAGTTTATGCTCCTCTTTATACTTATGAAAAAGGAAATTTAGTAAATTATTTAGCAGAAAAAGTAGATTTTAAAGATAGTAAGGAATTAACTATAAAATTAAAATCCAATTTAAAATGGCATGATGGAAAGCCAATAACTGCTGAAGATGTCTTATTTACATTTAATACAGTTTTAGACGAAAAACAAAATTCACCATCAAGACAATACTTATTGGTGGGTGAGAAACCAGTTAAAGTAGAAAAAATTGATGATTTAACAGTTAAGATTACTTTACCAACTGCAAGTGAATCTTTCTTATATGGTATATCTAAAATTTCTCCAATACCAAAACATGTGTTTGAAGGAGAATCAAATATAGCTAAGTCAGAAAAAAATAATAATCCAGTTGGTTCTGGTGCATTCAAGTTTAAGGAATGGAAAAAAGGTGAAAGCATAGTATTTGAAAAGAATGCAGATTATTTTGGTGGAGAACCTAAGGCAGATTCTATAGCGCTAAAAATAATTCCTAATGAAGCATCTCAAGAAGCAGCTTTAAATAATGGCGAAATTTCACTTATGAAGACATCTGCTGAAGGATATGAAAAGGCAAAATCAAACTCAAACTTACAAACTTATACTTATAGTGAAGAAAGATTAAACTACATTGTATTTAACCAAAATATATCAAACATGGCTAACAAAGAAGTAAGACAAGCCTTATCATATGCCTTAAATAGAAATGAAATGATAGAATCAGCATATGGAAAAGAAGGTTCTGTACCTGCTAAATCTATATTAGTTCCAGAAGCAGACTTCTATACAGAAGAAGGTGTTGAAGGATATGACCAAGATACAAATAAGGCTAAAGACTTATTGGATAAAAGTGGTGTTAAAATTGATAAATTAAAAATAGGTTATAACACAGGTAGATTTGGGCATAAAAACTATGCCTTAGTAGCTCAACAAGAGTTGAAAAAAATTGGTATAGAAGCTGAAATAGTTCCTTATGAAAGTAAGGCATTCTTCAATATACTATTTAGTAATAGCACTGAATGTGATATGTATGTAAATGGTTATGCTTGGGGATTAGAACCAAACCCATATAGAGGTATGTTTGAAACTGGTCAATATTGCAACCAAACTAAATATTCTAATGCTGAAATAGATGCTTTATGGGAAAAAGGATTTACTGAGTTAAACAAGGAAAAACGTGAAGAAATATATAAGCAAATACAACAGGATATATCTAAGGATGCGCCTATTTACACTATAGATTATGAACAAAATTTAATGGCAGCTCAAAAAAATCTAAAAGGAATAAAAGATGCTAAGCCATCTCCTGCAATATTATTTGAAGATTGGTCTAAACTGTATGTAGAATAA

CdAppA full protein sequence, construct underlined:
MKFKKLASLILVSSLMLTFTACASNDKDKSNGSKSGGTVVIPMASDPDIINGAFANVKEDSLASNIVYAPLYTYEKGNLVNYLAEKVDFKDSKELTIKLKSNLKWHDGKPITAEDVLFTFNTVLDEKQNSPSRQYLLVGEKPVKVEKIDDLTVKITLPTASESFLYGISKISPIPKHVFEGESNIAKSEKNNNPVGSGAFKFKEWKKGESIVFEKNADYFGGEPKADSIALKIIPNEASQEAALNNGEISLMKTSAEGYEKAKSNSNLQTYTYSEERLNYIVFNQNISNMANKEVRQALSYALNRNEMIESAYGKEGSVPAKSILVPEADFYTEEGVEGYDQDTNKAKDLLDKSGVKIDKLKIGYNTGRFGHKNYALVAQQELKKIGIEAEIVPYESKAFFNILFSNSTECDMYVNGYAWGLEPNPYRGMFETGQYCNQTKYSNAEIDALWEKGFTELNKEKREEIYKQIQQDISKDAPIYTIDYEQNLMAAQKNLKGIKDAKPSPAILFEDWSKLYVE


Protein sequence with hexahistidine tag and HRV3C protease cleavage tag, mature protein post cleavage underlined:

MGSSHHHHHHSSGLEVLFQGPAGAFANVKEDSLASNIVYAPLYTYEKGNLVNYLAEKVDFKDSKELTIKLKSNLKWHDGKPITAEDVLFTFNTVLDEKQNSPSRQYLLVGEKPVKVEKIDDLTVKITLPTASESFLYGISKISPIPKHVFEGESNIAKSEKNNNPVGSGAFKFKEWKKGESIVFEKNADYFGGEPKADSIALKIIPNEASQEAALNNGEISLMKTSAEGYEKAKSNSNLQTYTYSEERLNYIVFNQNISNMANKEVRQALSYALNRNEMIESAYGKEGSVPAKSILVPEADFYTEEGVEGYDQDTNKAKDLLDKSGVKIDKLKIGYNTGRFGHKNYALVAQQELKKIGIEAEIVPYESKAFFNILFSNSTECDMYVNGYAWGLEPNPYRGMFETGQYCNQTKYSNAEIDALWEKGFTELNKEKREEIYKQIQQDISKDAPIYTIDYEQNLMAAQKNLKGIKDAKPSPAILFEDWSKLYVE
7.3 Sequence information for Bacillus subtilis SpoIIQ and SpoIIIAH176

7.3.1 Oligonucleotide primers
	Number
	Sequence
	Forwards/Reverse
	Overlaps
	Anneals

	1
	tctagagtcgacctgcaggcatgcaagcttCATAGAGCGGACGTGACTC
	F
	pUC19
	pspoIIQ

	2
	cacctttagacatTGTTTCATCACCTCAGCAAC
	R
	ypet
	pspoIIQ

	3
	gttcttctcctttTGTTTCATCACCTCAGCAAC
	R
	mGFP
	pIIQ

	4
	cgcccttgctcacTGTTTCATCACCTCAGCAAC
	R
	mCherry
	pIIQ

	5
	taatcgcactcatTGTTTCATCACCTCAGCAAC
	R
	mEos2
	pspoIIQ

	6
	aggtgatgaaacaATGTCTAAAGGTGAAGAATTATTC
	F
	pspoIIQ
	ypet

	7
	cttcctctctcatTTTGTACAATTCATTCATACCC
	R
	spoIIQ
	ypet

	8
	aggtgatgaaacaAAAGGAGAAGAACTTTTCACTG
	F
	pspoIIQ
	mGFP

	9
	cttcctctctcatAGCTGTTACAAACTCAAGAAG
	R
	spoIIQ
	mGFP

	10
	aggtgatgaaacaGTGAGCAAGGGCGAGGAG
	F
	pspoIIQ
	mCherry

	11
	cttcctctctcatCTTGTACAGCTCGTCCATGC
	R
	spoIIQ
	mCherry

	12
	aggtgatgaaacaATGAGTGCGATTAAGCCAG
	F
	pspoIIQ
	mEos2

	13
	cttcctctctcatTCGTCTGGCATTGTCAGG
	R
	spoIIQ
	mEos2

	14
	tgaattgtacaaaATGAGAGAGGAAGAAAAGAAAAC
	F
	ypet
	spoIIQ

	15
	aaataaacttaatTTAAGACTGTTCAGTGTCTTC
	R
	spcR
	spoIIQ

	16
	gtttgtaacagctATGAGAGAGGAAGAAAAGAAAAC
	F
	mGFP
	spoIIQ

	17
	cgagctgtacaagATGAGAGAGGAAGAAAAGAAAAC
	F
	mCherry
	spoIIQ

	18
	caatgccagacgaATGAGAGAGGAAGAAAAGAAAAC
	F
	mEos2
	spoIIQ

	19
	tgaacagtcttaaATTAAGTTTATTTAATTAACAACTATGGATATAAAATAG
	F
	spoIIQ
	spcR

	20
	gacgttttcttcaCAAATATTAAATAATAAAACAAAAAAATTGAAAAAAG
	R
	dspoIIQ
	spcR

	21
	tatttaatatttgTGAAGAAAACGTCTATCCTTG
	F
	spcR
	dspoIIQ

	22
	aacagctatgaccatgattacgccaagcttGTCCGATTTTTTGAATAAACG
	R
	pUC19
	dspoIIQ

	23
	tctagagtcgacctgcaggcatgcaagctTACGAAAAAAACAAATCAAACAAAAATAC
	F
	pUC19
	spoIIIAG

	24
	cacctttagacatTTATGAATCCTCCTTTATTTTTTTAGG
	R
	Ypet
	spoIIIAG

	25
	gttcttctcctttTTATGAATCCTCCTTTATTTTTTTAGG
	R
	mGFP
	spoIIIAG

	26
	cgcccttgctcacTTATGAATCCTCCTTTATTTTTTTAGG
	R
	mCherry
	spoIIIAG

	27
	taatcgcactcatTTATGAATCCTCCTTTATTTTTTTAGG
	R
	mEos2
	spoIIIAG

	28
	ggaggattcataaATGTCTAAAGGTGAAGAATTATTC
	F
	spoIIIAG
	Ypet

	29
	gttttttaagcatTTTGTACAATTCATTCATACCC
	R
	spoIIIAH
	Ypet

	30
	ggaggattcataaAAAGGAGAAGAACTTTTCACTG
	F
	spoIIIAG
	mGFP

	31
	gttttttaagcatAGCTGTTACAAACTCAAGAAG
	R
	spoIIIAH
	mGFP

	32
	ggaggattcataaGTGAGCAAGGGCGAGGAG
	F
	spoIIIAG
	mCherry

	33
	gttttttaagcatCTTGTACAGCTCGTCCATGC
	R
	spoIIIAH
	mCherry

	34
	ggaggattcataaATGAGTGCGATTAAGCCAG
	F
	spoIIIAG
	mEos2

	35
	gttttttaagcatTCGTCTGGCATTGTCAGG
	R
	spoIIIAH
	mEos2

	36
	tgaattgtacaaaATGCTTAAAAAACAAACCGTTTG
	F
	Ypet
	spoIIIAH

	37
	gtttgtaacagctATGCTTAAAAAACAAACCGTTTG
	F
	mGFP
	spoIIIAH

	38
	cgagctgtacaagATGCTTAAAAAACAAACCGTTTG
	F
	mCherry
	spoIIIAH

	39
	caatgccagacgaATGCTTAAAAAACAAACCGTTTG
	F
	mEos2
	spoIIIAH

	40
	ggcttcccggtatTTATTTAGAGGGTTCAAATGTG
	R
	camR
	spoIIIAH

	41
	accctctaaataaATACCGGGAAGCCCTGGG
	F
	spoIIIAH
	camR

	42
	cttttttccctcattcGACATAAGCGGCTATTTAACGACC
	R
	dspoIIIAH
	camR

	43
	agccgcttatgtcGAATGAGGGAAAAAAGCCCGC
	F
	camR
	dspoIIIAH

	44
	aacagctatgaccatgattacgccaagcttCCGGTGCCTGCTGCATGA
	R
	pUC19
	dspoIIIAH

	45
	tctagagtcgacctgcaggcatgcaagcttGTGGAAGTAGAACATGCC
	F
	pUC19
	upywnJ

	46
	ggcttcccggtatGACATAACCTCCTTTATAACG
	R
	camR
	upywnJ

	47
	aggaggttatgtcATACCGGGAAGCCCTGGG
	F
	upywnJ
	camR

	48
	aagacagccggctGACATAAGCGGCTATTTAACGACC
	R
	dywnJ
	camR

	49177

	agccgcttatgtcAGCCGGCTGTCTTGATTTC
	F
	camR
	dywnJ

	50
	aaacagctatgaccatgattacgccCTGGCTGTTTGGGAACAC
	R
	pUC19
	dywnJ

	51
	tctagagtcgacctgcaggcatgcaagcttATGTTTGCAAAACGATTC
	F
	pUC19
	amyE'

	52
	cgtccgctctatgGCCTAAACGGATATCATC
	R
	pIIQ
	amyE'

	53
	tatccgtttaggcCATAGAGCGGACGTGACTC
	F
	amyE'
	pIIQ

	54
	aaataaacttaatGAGCAATAGGCGGTTCATG
	R
	spcR
	spoIIQ

	55
	ccgcctattgctcATTAAGTTTATTTAATTAACAACTATGGATATAAAATAG
	F
	IIQ
	SpcR

	56
	ctatcaccgcccaCAAATATTAAATAATAAAACAAAAAAATTGAAAAAAG
	R
	amyE
	SpcR

	57
	tatttaatatttgTGGGCGGTGATAGCTTCTC
	F
	spcR
	amyE

	58
	aaacagctatgaccatgattacgccTCAATGGGGAAGAGAACCG
	R
	pUC19
	amyE

	59
	aattcgcggccgctctagaactagtCATAGAGCGGACGTGACTC
	F
	pSG1154
	pspoIIQ

	60
	cttctcctttTGTTTCATCACCTCAGCAAC
	R
	mGFP
	pspoIIQ

	61
	ccttgctcacTGTTTCATCACCTCAGCAAC
	R
	mCherry
	pspoIIQ

	62
	tcgcactcatTGTTTCATCACCTCAGCAAC
	R
	mEos2
	pspoIIQ

	63
	tgatgaaacaAAAGGAGAAGAACTTTTCAC
	F
	pspoIIQ
	mGFP

	64
	tgatgaaacaGTGAGCAAGGGCGAGGAG
	F
	pspoIIQ
	mCherry

	65
	tgatgaaacaATGAGTGCGATTAAGCCAG
	F
	pspoIIQ
	mEos2

	66
	cctctctcatAGCTGTTACAAACTCAAG
	R
	spoIIQ
	mGFP

	67
	cctctctcatCTTGTACAGCTCGTCCATGC
	R
	spoIIQ
	mCherry

	68
	cctctctcatTCGTCTGGCATTGTCAGG
	R
	spoIIQ
	mEos2

	69
	tgtaacagctATGAGAGAGGAAGAAAAGAAAAC
	F
	mGFP
	spoIIQ

	70
	gctgtacaagATGAGAGAGGAAGAAAAGAAAAC
	F
	mCherry
	spoIIQ

	71
	tgccagacgaATGAGAGAGGAAGAAAAGAAAAC
	F
	mEos2
	spoIIQ

	72
	gaggtcgacggtatcgataaagcttGAGCAATAGGCGGTTCATG
	R
	pSG1154
	spoIIQ
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7.4 
7.4.1 [bookmark: _Ref524959817][bookmark: _Toc1212014]Sequence information
Ypet nucleotide sequence from plasmid pROD49:
ATGTCTAAAGGTGAAGAATTATTCACTGGTGTTGTCCCAATTTTGGTTGAATTAGATGGTGATGTTAATGGTCACAAATTTTCTGTCTCCGGTGAAGGTGAAGGTGATGCTACGTACGGTAAATTACCTTAAAATTACTCTGTACTACTGGTAAATTGCCAGTTCCATGGCCAACCTTAGTCACTACTTTAGGTTATGGTGTTCAATGTTTTGCTAGATACCCAGATCATATGAAACAACATGACTTTTTCAAGTCTGCCATGCCAGAAGGTTATGTTCAAGAAAGAACTATTTTTTTCAAAGATGACGGTAACTACAAGACCAGAGCTGAAGTCAAGTTTGAAGGTGATACCTTAGTTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGATGGTAACATTTTAGGTCACAAATTGGAATACAACTATAACTCTCACAATGTTTACATCACTGCTGACAAACAAAAGAATGGTATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGTGGTGTTCAATTAGCTGACCATTATCAACAAAATACTCCAATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTTATCCTATCAATCTAAGTTATTCAAAGATCCAAACGAAAAGAGAGACCACATGGTCTTGTTAGAATTTTTGACTGCTGCTGGTATTACCGAGGGTATGAATGAATTGTACAAA

mGFP nucleotide sequence from plasmid pAS15:
AAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTCGGTTATGGTGTTCAATGCTTTGCGAGATACCCAGATCATATGAAACAGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTAAACTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCT

mCherry nucleotide sequence from plasmid pJGB374:
GTGAGCAAGGGCGAGGAGGATAACATGGCTATCATTAAAGAGTTCATGCGCTTCAAAGTTCACATGGAGGGTTCTGTTAACGGTCACGAGTTCGAGATCGAAGGCGAAGGCGAGGGCCGTCCGTATGAAGGCACCCAGACCGCCAAACTGAAAGTGACTAAAGGCGGCCCGCTGCCTTTTGCGTGGGACATCCTGAGCCCGCAATTTATGTACGGTTCTAAAGCTTATGTTAAACACCCAGCGGATATCCCGGACTATCTGAAGCTGTCTTTTCCGGAAGGTTTCAAGTGGGAACGCGTAATGAATTTTGAAGATGGTGGTGTCGTGACCGTCACTCAGGACTCCTCCCTGCAGGATGGCGAGTTCATCTATAAAGTTAAACTGCGTGGTACTAATTTTCCATCTGATGGCCCGGTGATGCAGAAGAAGACGATGGGTTGGGAGGCGTCTAGCGAACGCATGTATCCGGAAGATGGTGCGCTGAAAGGCGAAATTAAACAGCGCCTGAAACTGAAAGATGGCGGCCATTATGACGCTGAAGTGAAAACCACGTACAAAGCCAAGAAACCTGTGCAGCTGCCTGGCGCGTACAATGTGAATATTAAACTGGACATCACCTCTCATAATGAAGATTATACGATCGTAGAGCAATATGAGCGCGCGGAGGGTCGTCATTCTACCGGTGGCATGGACGAGCTGTACAAG

mEos2 nucleotide sequence from plasmid p15ACV3RC:
ATGAGTGCGATTAAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCACTTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATGGATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACCACTGCATTCCATTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAAGACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACTTTCGAAGACGGGGGCATTTGCATTGCCAGAAACGACATAACAATGGAAGGGGACACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCAGTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTGCGTGATGGAGTGCTGACGGGTGATATTCATATGGCTTTGTTGCTTGAAGGAAATGCCCATTACCGATGTGACTTCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTCAAGTTACCAGGCTACCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGACAAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTGCCTGACAATGCCAGACGA

SpoIIQ promoter nucleotide sequence:
CATAGAGCGGACGTGACTCTGTATGTCCCGAAAACCATTCCATCCGGTCTTCAGGAGTTACCGGTTCGGTATCGGCTGTTACCATTCGAGAAGCAATCGTTGAATTATAAATCGCCACAACAGCCTCCAAGTCTCTATGTTCAGCAAGACGCAATGTCATGTTCATACGTTTTTGGCACTCCTCTCAAAAAAATACATATTTTCGTTCAGTCTGTGCAAACTACATCTAAAAAAGTTTTTTTGGATAGGTTGTATATATTTTCAGAAAAGTGTTCAGAATGTTGCTGAGGTGATGAAACA

SpoIIQ nucleotide sequence:
ATGAGAGAGGAAGAAAAGAAAACTTCTCAAGTCAAAAAACTTCAGCAGTTTTTTCGTAAACGCTGGGTGTTCCCTGCAATTTACTTAGTCAGTGCGGCCGTCATTTTAACAGCTGTCCTTTGGTATCAATCAGTATCAAATGATGAGGTAAAGGATCAGTTGGCTGATAACGGCGGAAACTCCGCATATGACAACAACGACGATGCAGTTGAAGTAGGAAAGTCAATGGAAAATGTCGCAATGCCGGTTGTTGATTCTGAAAACGTTTCTGTTGTGAAAAAGTTCTATGAAACCGATGCCGCAAAAGAAGAGAAAGAAGCAGCACTCGTTACCTATAATAACACGTACAGCCTAAGCAAAGGAATTGACTTAGCTGAGAAAGACGGAAAAGATTTCGATGTCTCTGCTTCTCTGAGCGGTACGGTTGTTAAAGCTGAAAAAGATCCAGTGCTGGGATATGTTGTGGAAGTAGAACATGCCGACGGTTTATCGACTGTGTATCAATCTCTTTCCGAAGTAAGCGTAGAGCAAGGTGACAAAGTAAAACAAAATCAAGTGATCGGAAAATCTGGCAAGAACCTTTACAGTGAAGACAGCGGAAACCACGTGCACTTTGAAATCCGTAAAGATGGGGTTGCAATGAATCCGTTAAACTTTATGGACAAACCAGTTTCTTCTATTGAAAAAGCTGCCACCCAAGAAACAGAAGAATCCATTCAGCAATCTTCCGAGAAAAAGGACGGATCAACTGAAAAAGGAACAGAAGAAAAATCCGGTGAGAAAAAGGATGATTCAACTGACAAATCTGGTTCTAAAGAAAGCAGCACAACAGAAGACACTGAACAGTCTTAA

Downstream SpoIIQ nucleotide sequence:
TGAAGAAAACGTCTATCCTTGTGATGGGCGTTTTTTTCTGTTACTTTTTGCTTTGTTTTACCGTCTATGTAGTTACATGTAGGCACGTACGTTATAAAGGAGGTTATGTCATGAACCGCCTATTGCTCGCAGGCTGGATCTTTTTTATCCTGCTTTCTGTCTGTACGGAAAGCTTCAGCGGCATGGTCGTATCGCAAACGGTGGCTTTTCATTTTCAGCCGCACCCTGATCTGTCTCAATTTTTAGTTATGGATTTTACTGAGCTTACTGTACCTGAAGCGTTTATTCAAAAAATCGGAC

Upstream SpoIIIAH nucleotide sequence:
TACGAAAAAAACAAATCAAACAAAAATACAACCACTGAAGAAACTGACAAAGAAGGCGGAAAAAGAAGCGTTACAGACCAATCATCGGAGGAAGAAATCGTCATGATCAAAAACGGCGATAAAGAAACACCTGTCGTCGTCCAAACGAAAAAACCTGATATACGCGGTGTACTCGTTGTTGCTCAAGGAGTGGACAACGTTCAAATAAAACAAACCATTATCGAAGCGGTGACACGGGTCCTGGATGTTCCAAGCCACCGGGTTGCGGTTGCCCCTAAAAAAATAAAGGAGGATTCATAA

SpoIIIAH nucleotide sequence:
ATGCTTAAAAAACAAACCGTTTGGCTATTAACAATGCTCAGTCTTGTCGTGGTGTTAAGCGTCTACTATATCATGTCGCCGGAAAGCAAAAACGCCGTGCAGATGCAAAGTGAAAAAAGCGCGTCTGACAGCGGAGAGGTCGCAACTGAAAAAGCGCCTGCCAAGCAAGACACGAAGGAAAAAAGCGGTACAGAAACTGAAAAAGGAAAAGAAGATGGAACAAAGGGAACGAAAGATTCATCAGCAGACAAGGAAACATCCGCTGAAGCCAGTGAAAAAGGAACTGTTGTTACGGAAACAGCCGATGATGATTTGTTTACAACGTACCGTCTTGATTTAGAAGATGCCAGAAGCAAAGAAAGAGAAGAGCTGAATGCCATTGTGTCAAGCGATGATGCAACAGCCAAGGAGAAAAGCGAAGCATACGATAAAATGACGGCTCTCAGTGAAGTGGAAGGAACAGAAAAACAGCTGGAAACGCTGATTAAAACACAAGGTTACGAGGATGCGCTTGTTAATGCTGAAGGAGATAAAATCAATATTACAGTCAAATCAGACAAACACTCTAAATCGAAGGCGACAGCCATTATAGACCTTGTGGCAAAAGAAATCAAAACAATGAAAGATGTCGCTGTCACATTTGAACCCTCTAAATAA

Downstream SpoIIIAH sequence:
GAATGAGGGAAAAAAGCCCGCTAAACAAGCGGGCTTTTTGCGTTGCTGTCATATTAGAGTTGAATTCAAAAGTCCGCTCCTGTAAGATGAACATAGTATGTACTTTTAGTAGTAACCTATAAAAAAAGAAATTTCATACATAGGAGTGCGATTGAATGTTAAATATCAAAGAAATCCACGAGCTGATTAAAGCAATTGACGAGTCTACAATTGACGAATTCGTATATGAAAATGAAGGTGTATCCTTAAAACTGAAAAAACACGAAGCAGGCACGGTTCAAGTCATGCAGCAGGCACCGG

Chloramphenicol resistance cassette nucleotide sequence (underlined) with additional nucleotide sequence:
ATACCGGGAAGCCCTGGGCCAACTTTTGGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTATTTTTTGAGTTATCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAGTTCCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACTATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTCTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGTGCTACGCCTGAATAAGTGATAATAAGCGGATGAATGGCAGAAATTCGAAAGCAAATTCGACCCGGTCGTCGGTTCAGGGCAGGGTCGTTAAATAGCCGCTTATGTC


Spectinomycin resistance cassette nucleotide sequence (underlined) with additional nucleotide sequence:
ATTAAGTTTATTTAATTAACAACTATGGATATAAAATAGGTACTAATCAAAATAGTGAGGAGGATATATTTGAATACATACGAACAAATTAATAAAGTGAAAAAAATACTTCGGAAACATTTAAAAAATAACCTTATTGGTACTTACATGTTTGGATCAGGAGTTGAGAGTGGACTAAAACCAAATAGTGATCTTGACTTTTTAGTCGTCGTATCTGAACCATTGACAGATCAAAGTAAAGAAATACTTATACAAAAAATTAGACCTATTTCAAAAAAAATAGGAGATAAAAGCAACTTACGATATATTGAATTAACAATTATTATTCAGCAAGAAATGGTACCGTGGAATCATCCTCCCAAACAAGAATTTATTTATGGAGAATGGTTACAAGAGCTTTATGAACAAGGATACATTCCTCAGAAGGAATTAAATTCAGATTTAACCATAATGCTTTACCAAGCAAAACGAAAAAATAAAAGAATATACGGAAATTATGACTTAGAGGAATTACTACCTGATATTCCATTTTCTGATGTGAGAAGAGCCATTATGGATTCGTCAGAGGAATTAATAGATAATTATCAGGATGATGAAACCAACTCTATATTAACTTTATGCCGTATGATTTTAACTATGGACACGGGTAAAATCATACCAAAAGATATTGCGGGAAATGCAGTGGCTGAATCTTCTCCATTAGAACATAGGGAGAGAATTTTGTTAGCAGTTCGTAGTTATCTTGGAGAGAATATTGAATGGACTAATGAAAATGTAAATTTAACTATAAACTATTTAAATAACAGATTAAAAAAATTATAAAAAAATTGAAAAAATGGTGGAAACACTTTTTTCAATTTTTTTGTTTTATTATTTAATATTTG

7.5 [bookmark: _Toc1212015]Bacillus subtilis strains used in this thesis
	Strain identifier
	Genotype
	From

	IB714
	amyE::erm
	Bratislava

	IB333
	Prototroph SPβ
	Bratislava

	BKE36550
	spoIIQ::erm
	Bacillus Genomic Stock Centre

	AH101
	amyE::ypet-spoIIQ-spcR spoIIQ::erm
	This thesis

	AH102
	spoIIIAH::ypet-spoIIIAH-camR
	This thesis

	AH103
	spoIIIAH::mGFP-spoIIIAH-camR
	This thesis

	AH104
	spoIIIAH::mCherry-spoIIIAH-camR
	This thesis

	AH105
	spoIIIAH::mEos2-spoIIIAH-camR
	This thesis

	AH106
	spoIIQ::ypet-spoIIQ-spcR
	This thesis

	AH107
	spoIIQ::mGFP-spoIIQ-spcR
	This thesis

	AH108
	spoIIQ::mCherry-spoIIQ-spcR
	This thesis

	AH109
	spoIIQ::mEos2-spoIIQ-spcR
	This thesis

	AH110
	amyE::mGFP-spoIIQ-spcR, spoIIQ::erm
	This thesis

	AH111
	amyE::mCherry-spoIIQ-spcR, spoIIQ::erm
	This thesis

	AH112
	amyE::mEos2-spoIIQ-spcR, spoIIQ::erm
	This thesis



7.6 [bookmark: _Toc1212016]Bacillus subtilis liquid media and reagents
7.6.1 [bookmark: _Toc1212017]T base
1.00 g (NH4)2SO4
9.15 g K2HPO4.3H2O
3.00 g KH2PO4
0.50 g trisodium citrate.2H2O

Dissolve in 500 ml of ultrapure water and autoclave at 121 °C for 20 minutes.

7.6.2 [bookmark: _Ref524960825][bookmark: _Toc1212018]SpC
20 ml T base
0.2 ml 50% (w/v) glucose
0.3 ml 1.2% (w/v) MgSO4.7H2O
0.4 ml 10% (w/v) bacto yeast extract
0.5 ml 1% (w/v) casamino acids
18.6 ml ultrapure water

7.6.3 [bookmark: _Ref524960940][bookmark: _Toc1212019]SpII
100 ml T base
1.00 ml 50% (w/v) glucose
7.00 ml 1.2% (w/v) MgSO4.7H2O
1.00 ml 10% (w/v) bacto yeast extract
1.00 ml 1% (w/v) casamino acids
0.50 ml 0.1 M CaCl2
89.50 ml ultrapure water

7.6.4 [bookmark: _Ref524960992][bookmark: _Toc1212020]SpII + EGTA
100 ml SpII (without CaCl2)
4 ml 0.1 M ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) pH 8.0

7.6.5 [bookmark: _Ref524961051][bookmark: _Toc1212021]Top agar
LB medium plus 0.7% (w/v) agar.

7.6.6 [bookmark: _Ref524961177][bookmark: _Toc1212022]Difco Sporulation Medium (DSM)
8 g Bacto-nutrient broth
10 ml 10% (w/v) KCl
10 ml 1.2% (w/v) MgSO4.7H2O 
0.5 ml 1 M NaOH

Dissolve in 1 L ultrapure water and autoclave at 121 °C for 20 minutes. For DSM agar add 1.5% agar before autoclaving. To complete the mixture, the following sterile solutions were added after autoclaving:

1 ml 1 M Ca(NO3)4
1 ml 0.01 M MnCl2
1 ml 1 mM FeSO4

7.6.7 [bookmark: _Ref524961253][bookmark: _Toc1212023]Spizizen Minimal Medium (SMM)
2 g (NH4)2SO4
14 g K2HPO4
6 g KH2PO4
1 g trisodium citrate.2H2O
0.2 g MgSO4.7H2O

Dissolve in 1 L ultrapure water and autoclave at 121 °C for 20 minutes then add the following sterile solutions:

10 ml 50% (w/v) D-glucose
10 ml 5 mg/ml L-tryptophan



[bookmark: _Toc1212024]List of abbreviations
	Ala
	Alanine

	Arg
	Arginine

	Asn
	Asparagine

	Asp
	Aspartic acid

	Asp
	Aspartic acid

	Bsu
	Bacillus subtilis

	Cd
	Clostridioides difficile

	CD
	Circular dichroism

	CDI
	Clostridioides difficile infection

	DMF
	Dimethylformamide

	DMSO
	Dimethyl sulfoxide

	DNA
	Deoxyribonucleic acid

	dNTPs
	deoxyribonucleotide triphosphate mix

	DSM
	Difco Sporulation Medium

	Ec
	Escherichia coli 

	EDTA
	Ethylenediaminetetraacetic acid

	EGTA
	ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid

	GFP
	Green Fluorescent Protein

	Gln
	Glutamine

	Gly
	Glycine

	GTP
	Guanosine triphosphate

	His
	Histidine

	HRV3C
	Human rhinovirus 3C protease

	IPTG
	Isopropyl β-D-1-thiogalactopyranoside

	kDa
	Kilodaltons 

	kHz
	Kilohertz 

	L
	Litre

	LB
	Lysogeny broth

	Leu
	Leucine

	Lys
	Lysine

	M
	Molar

	mDAP
	meso-diaminopimelic

	Met
	Methionine

	mg
	Milligram 

	ml
	Millilitre 

	mM
	Milimolar 

	MMT
	Buffer system composing malic acid, 2-(N-morpholino)ethanesulfonic acid (MES) and Tris

	ng
	Nanogram 

	nm
	Nanometres 

	nM
	Nanomolar

	NTA
	Nitrilotriacetic acid

	PCR
	Polymerase chain reaction

	PDB
	Protein Data Bank

	PEG
	Polyethylene glycol

	Phe
	Phenylalanine 

	pI
	Isoelectric point

	pM
	picomolar

	POT
	Proton  dependent Oligopeptide Transporters

	Pro
	Proline

	RPM
	Revolutions per minute

	SDS-PAGE
	Sodium dodecyl sulfate polyacrylamide gel electrophoresis

	Ser
	Serine

	SMM
	Spizizen Minimal Medium

	SOC
	Super Optimal broth with Catabolite repression

	SPG
	Succinic acid, sodium dihydrogen phosphate, and glycine buffer system

	Thr
	Threonine

	Tris
	Tris(hydroxymethyl)aminomethane

	Trp
	Tryptophan

	Tyr
	Tyrosine

	Val
	Valine

	w/v
	Weight:volume

	YFP
	Yellow Fluorescent Protein

	μM
	Micromolar

	μM
	Micromolar

	μm
	Micrometres 
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