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[bookmark: _Toc367660415]Abstract
Nitric oxide is an important biological mediator of a variety of physiological processes and S‑nitrosylation, the addition of an NO moiety to the cysteine residue of a protein, is an established post-translational modification known to be involved in the regulation of a growing number of cellular pathways. The gram-negative bacteria, Neisseria meningitidis is capable of expressing a number of enzymes involved in partial denitrification including the nitric oxide reductase, NorB. This not only allows the bacteria to supplement their growth in the oxygen limited conditions associated with the nasopharnyx, but it also protects them from the antimicrobial effects associated with NO. Bacterial expression of NorB has a variety of consequences including enhanced bacterial survival in a macrophage cell model along with a reduction in total and nuclear levels of S‑nitrosothiol in an activated murine macrophage model.
The work presented in this thesis was undertaken with the aim of establishing if the ability of the bacteria to detoxify NO and remove or prevent formation of S‑nitrosothiol would have physiological consequences with emphasis on cellular targets known to be regulated by S‑nitrosylation. A pre-stimulated murine macrophage model was established and the impact of bacterial infection on caspase-3 activity and cell death was investigated. Infection with wild-type bacteria led to a more rapid cell death, in the absence of caspase-3 activation, compared to cells infected with a ΔnorB mutant derivative. The transcription factor NFκB has been suggested to be regulated by S‑nitrosylation, and indeed the binding activity of the p65 subunit was shown to be negatively regulated in an iNOS and S‑nitrosylation dependent manner in a murine macrophage model in response to LPS and interferonγ (IFNγ) stimulation. Conversely, following an infection, modulation of NFκB binding activity appeared to be iNOS independent despite S-nitrosylation of NFκB occurring, suggesting an alternative mechanism of modulation that renders S‑nitrosylation superfluous. The ability of the bacteria to express NorB had no apparent impact on NFκB binding activity. The ubiquitous protein GAPDH was also investigated and its nuclear translocation was shown to be regulated by S‑nitrosylation. Infection with N. meningitidis was associated with a reduction in nuclear GAPDH translocation when compared to cells stimulated with LPS and IFNγ alone. Work was also commenced to establish if a reduction in total S-nitrosothiol as a result of bacterial NO detoxification could be observed in an in vivo mouse model. Total levels of S‑nitrosothiol and tri-iodide reactive species were unaffected by infection with Neisseria meningitidis either in the presence or absence of the norB gene at 4h post infection.
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Chapter 1: Introduction 
[bookmark: _Toc367660418]1.1 Nitric oxide, (NO)
[bookmark: _Toc367660419]1.1.1 A brief overview
The discovery in 1987 that NO was responsible for the biological properties associated with the previously named Endothelium Derived Relaxant Factor (EDRF) began a new era for vascular and NO based research (Ignarro et al., 1987). In 1980 it was observed that the presence of the endothelium was necessary for vascular relaxation and that this was dependent on the presence of a soluble humoral factor, given the name EDRF (Furchgott and Zawadzki, 1980). NO had been demonstrated to be an endogenous stimulator of guanylate cyclase and to be released from macrophages and other immune cells upon stimulation (Katsuki et al., 1977). However, it was considered to be a toxic free radical and the idea that it could be essential for such a controlled signalling mechanism seemed unlikely. Despite this, during the past two decades nitric oxide has been recognised as one of the most versatile components of various signalling cascades, governing a broad spectrum of cellular processes. These include differentiation, proliferation and apoptosis of cells; production of pro-inflammatory cytokines, expression of adhesion molecules and deposition of extracellular matrix proteins, as well as sensitive regulation of various immune factors through a multitude of mechanisms and the list is only getting longer. 

[bookmark: _Toc367660420]1.1.2 Nitric oxide synthesis
Nitric oxide is synthesised by a family of enzymes known collectively as the Nitric Oxide Synthases (NOS). These catalyse the production of NO from L‑arginine (figure 1.1). This occurs via a five‑electron oxidation of guanidine nitrogen of L-arginine to produce L‑citrulline and NO. This includes two successive monooxygenation reactions with Nω-Hydroxy-L-Arginine (NOHLA) being produced as a tightly bound reaction intermediate (Stuehr et al., 1991). 
NOS enzymes require 5 co-factors to carry out this reaction. These consist of Flavin Adenine Dinucleotide (FAD), Flavin MonoNucleotide (FMN), haem, tetrahydrobiopterin (BH4) and calmodulin (Nathan and Xie, 1994).
Three different isoforms of NOS have been characterised in mammals and these include the neuronal NOS, referred to as nNOS or NOS-1; the cytokine inducible NOS, referred to as iNOS or NOS-2 and the endothelial, eNOS also known as NOS‑3. These were initially named based on the tissue in which they were first cloned and characterised, with iNOS being first examined in macrophages; however it is inducible in a wide range of cells and tissues. Both nNOS and iNOS are soluble and found predominantly in the cytosol, whereas eNOS is often associated with the plasma membrane (Smith et al., 2006). The NOS isoforms show only 50-60 % sequence identity to one another; however the individual isoforms are extremely well conserved between different species (80-94 %) (Knowles and Moncada, 1994). Recently several bacterial species have also been shown to demonstrate NOS activity, including Bacillus anthracis (Chung et al., 2013). 
The NOS enzymes exist as homodimers (Masters et al., 1996), with each monomer consisting of two major regions, the N-terminal oxygenase domain and a multi-domain C-terminal reductase. These are separated by a calmodulin (CaM) recognition sequence approximately 30 amino acids long. The C-terminal section contains binding domains for FMN, FAD and NADPH. The two oxygenase domains of each monomer interact to form the active site, into which haem and L-arginine are bound. This also provides a binding site for BH4 and this is located adjacent to the site where L‑arginine is bound. Electrons are thus transferred from the NADPH domain to the haem ion present in the adjoining oxygenase domain of the adjacent dimer via FMN and FAD (Crane et al., 1999). Both nNOS and eNOS were originally classified as constitutively expressed; their activity being dependent on the intracellular concentration of Ca2+. This is regulated by the aforementioned CaM binding region present between the two domains. When Ca2+/CaM binds to this “latch” region a change in configuration is triggered, which allows appropriate alignment of the two domains; thus electron transfer can occur (Abu-Soud et al., 1994). However, it has become clear that their expression is also regulated under specific physiological conditions and in response to certain stimuli (Kikuchi-Utsumi et al., 2002). 
In contrast, calmodulin remains firmly bound to iNOS, irrespective of intracellular Ca2+ concentrations, rendering it essentially Ca2+ insensitive. Therefore, iNOS activity is determined primarily by the de novo synthesis and stability of iNOS mRNA and protein in response to various cytokines (MacMicking et al., 1997). 

NO produced by iNOS was consequently predominantly associated directly with antimicrobial activities as well as a more regulatory involvement in the immune response. However, contrary to previous opinion, all forms of NOS operate within the immune system. Generation of NO is a feature of many immune cells, including dendritic cells, natural killer cells, mast cells as well as phagocytic cells such as monocytes and macrophages (Bogdan, 2001). The ability of human macrophages to synthesise NO was an issue of much deliberation, as the output in response to cellular agonists such as LPS was dramatically lower than that observed for their murine counterparts. However many studies have shown that iNOS expression can be detected in human macrophages at both the protein and mRNA level (Kobzik et al., 1993) as well as elevated concentrations of NO2- in LPS/rmIFNγ treated macrophages (Stevanin et al., 2005). The list of transcription factors that participate in the regulation of iNOS expression is vast, but key players include NFκB; initiated by LPS and STAT-1; activated by various interferons, including IFNγ.  
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[bookmark: _Toc367544623][bookmark: _Toc367544783][bookmark: _Toc367545056][bookmark: _Toc367661041]Figure 1.1: The production of NO derivatives. NO, produced from the reaction of L‑arginine and oxygen, can then undergo further reactions to form various derivatives.  
[bookmark: _Toc367660421]1.1.3 The chemistry of nitric oxide and its derivatives
Nitric oxide is a gaseous, diatomic radical composed of nitrogen and oxygen bound by a double bond, which is insoluble in water. The absence of a charge means NO is freely diffusible across biological boundaries, including the plasma membrane. The half life of NO can range from minutes to milliseconds, with concentrations in the range of 5 nM - 4 µM displaying a half life of 500 seconds in pure aqueous solution. Conversely, under physiological conditions such as in biological tissues, the half life falls to around 3 - 5 seconds (Ignarro et al., 1993). Factors including the local environment and oxygen concentration can significantly alter NO diffusion and half life (Liu et al., 2010). Therefore consideration must be given to the various NO derived species.
Formation of NO in vivo from NOS occurs in the direct presence of O2 and water. As a consequence of this environment and the redox-active nature of the molecule NO is capable of being converted into a variety of nitrogen oxide species (NOx). Simple autooxidation of NO in aerobic, aqueous solution will lead to the formation of nitrite (NO2-) but not nitrate (NO3-) (Lewis and Deen, 1994). Studies have suggested that chemical reduction of NO2- could produce NO as an alternative to NOS activity in some cardiovascular tissue (Zweier et al., 2010). 
The formation of nitroxyl (HNO) may also play an important role in biology, exhibiting an advantageous role in the cardiovascular system by interacting with targets that do not interact with NO (Fukuto et al., 2005). One possible route for the formation of HNO is through the reaction of an S-nitrosothiol with a second thiol forming a disulphide along with HNO. 
Peroxynitrite (ONOO-) is formed in vivo in a diffusion-limited reaction between NO and superoxide radical (O2-) (Koppenol et al., 1992). This is a highly oxidising anion leading to oxidation of cysteine to cystine and effecting tyrosine nitrosation. This can have multiple effects including those in pathological conditions such as cancer or inflammation (Salvemini et al., 2006). ONOO- can react with two molecules of NO to form N2O3 and NO2-. 
The disproportionation of nitrous acid and the radical coupling of NO and NO2 can both also lead to the formation of N2O3 (Lundberg et al., 2008). This species is very unstable in aqueous solution and as such cannot exert an effect in this form. However it can serve as a source of NO, enabling the formation of S-nitrosothiols.
The predominant oxidation product of NO in biological samples including protein extracts and tissue homogenates is nitrate, NO3-. The bulk of NO3- in humans is as a result of vegetable consumption (60 – 80 %). However the remainder is produced via the reaction of NO with oxygenated haem proteins, such as the reaction of oxyhaemoglobin to form nitrate and met-haemoglobin. Humans are thought not to contain an enzyme for which NO3- is a substrate and thus the majority is excreted, however it has been suggested that bacteria present in the mouth and gut are capable of reducing NO3- to NO2-; this then displays a variety of NO-associated protective activities in the gastrointestinal system (Miyoshi et al., 2003).  
NO is also capable of rapidly reacting with the metal centres of proteins, a factor which contributes to its short half-life in biological tissues. Iron complexes bearing nitrosyl complexes and thiolate ligands (Fe-S-NO) have been shown to exhibit anti-tumour activity as well as the ability to donate NO (Butler and Megson, 2002). 
In the presence of a strongly oxidising cofactor, NO is capable of bonding covalently with the thiol groups present on cysteine residues of proteins to form S-nitrosothiols (SNO). As mentioned, N2O3 can function as a nitrosylating agent and thus was believed to be the main intermediate through which these modifications are formed. S-nitrosylation is ubiquitous in mammals and an ever-increasing number of proteins are known to be modified in this way. There is evidence to suggest that S‑nitrosothiols are the predominant carriers of NO in vivo, although the mechanism of NO transfer is controversial (Tannenbaum and White, 2006). The reaction series below represents a mechanism for the overall formation of S‑nitrosothiol. 

2NO + O2 	2NO2	      [1]
NO2 + NO	N2O3 = +ON...NO2-	 [2]
+ON...NO2- + RSH	RSNO + HNO2        [3]

Reaction [2] is rate limiting, due to low concentrations of NO under physiological conditions. Under pathophysiological conditions, i,e, sepsis, this reaction was hypothesised to be obscured by the reaction of NO with superoxide radical. However, reaction [2] has been demonstrated to be accelerated in hydrophobic environments such as those associated with the biological membrane and certain protein pockets (Liu et al., 1998). NO+ is the species directly responsible for the S‑nitrosylation event and this reacts readily with the electron-rich sulphur group present on the protein cysteine residue. The process of trans-nitrosylation, which is the transfer of the NO group from an S-nitrosothiol to an acceptor Cys thiol (Hess et al., 2005), also provides an alternative mechanism for SNO formation.
There is still much controversy surrounding the process of S-nitrosylation, it has been suggested that based on the chemistry of NO, it is more likely to be an intermediate rather than reaction endpoint. It has also been suggested that SNO is not formed by the reaction of thiol with N2O3, but rather from the direct reaction of NO radical with a thiyl radical (GS.) (Lancaster, 2006). However, more recent investigations have contradicted this finding, suggesting that this reaction does not occur (Hofstetter et al., 2007). 
Before further discussing S-nitrosothiols, it is important to discuss the nomenclature. An S-nitrosothiol is formed upon incorportation of NO to a thiol and where this belongs to a cysteine residue, this results in the formation of an S-nitrosoprotein. The term ‘nitrosation’ refers to the formation of the incorporation of a ‘nitroso’ group (-NO). When this occurs via a sulphur atom, regardless of the mechanism, this is known as S-nitrosation. The formation of a coordination bond between a nitrosyl (NO) ligand and a metal centre is described as nitrosylation. However, in the biological literature the two terms are often used interchangeably, particularly where mechanistic ambiguity occurs (Laver et al., 2013). Throughout this thesis the term S-nitrosylation is used to match the concurrent literature. 
Importantly, S‑nitrosylation has been demonstrated to play a role in a huge variety of cellular processes including those of cell death (Hara et al., 2005), gene expression (Reynaert et al., 2004) as well as immune and inflammatory responses (Marshall et al., 2009). The evidence to support its biological role is overwhelming, despite dispute over its mechanism (Hess et al., 2005). 

[bookmark: _Toc367660422]1.1.4 Biological functions of NO 
NO has long been known to bring about its vasodilatory effects by nitrosylating the five-coordinated ferrous haem iron within soluble Guanylate Cyclase (GC) (Russwurm and Koesling, 2004). This results in production of cyclic GMP, and thus the ensuing signal cascade. This heterodimeric enzyme exists in both a membrane bound and soluble form. The two widely expressed isoforms of GC at the protein and mRNA level are α1β1 and α2α1, the latter being predominantly located in the brain. The two isoforms appear to be functionally and pharmacologically indistinct. Binding of NO leads to a shift in the conformation of the GC catalytic site; this results in an increase in the conversion reaction of GTP to cGMP. In smooth muscle myocytes cGMP is the signal for relaxation, operating through protein tyrosine phosphorylation. cGMP can be degraded by phosphodiesterases, relinquishing its activity, and NO dissociation from the haem group returns GC to its inactive state (Koesling et al., 2004). 
In recent years fresh evidence and advanced technologies have pointed to S‑nitrosylation of a vast array of protein targets as a paradigm for NO mediated signalling in vivo (Jaffrey et al., 2001, Lopez-Sanchez et al., 2009). There are many competing reactions of NO and its derived species and they are constantly affected by the intracellular environment. As NO has emerged as an important regulatory molecule in numerous biological processes, exacting a response by direct post-translational modification of multiple protein targets; such a diversity of function requires precision targeting of NO to its various effectors (Derakhshan et al., 2007). S-nitrosylation can occur on small molecular weight molecules such as glutathione; alternatively it can mediate formation of large protein SNOs. The levels of these SNOs within tissue and extracellular fluid most likely echo the relative activity of the -aforementioned NOS enzymes (Gow et al., 2002). Comparisons have been drawn between S‑nitrosylation and the more accepted equivalent, phosphorylation, as both involve a reversible modification allowing proteins to be specifically modified in response to environmental signals. However, unlike phosphorylation, S‑nitrosylation is capable of enzyme independent modification (Mannick and Schonhoff, 2002).

Despite this enzyme independent capability for modification, many recent investigations demonstrate the involvement of both nitrosylase and denitrosylase enzymatic mechanisms that participate in regulation of protein S‑nitrosylation (Benhar et al., 2008). These nitrosylases include, but are not limited to, SNO-haemoglobin (Gow and Stamler, 1998), SNO-caspase-3 mediated nitrosylation of XIAP (Nakamura et al., 2010) and, perhaps the most widely recognised, the thioredoxin (Trx) enzymatic system. The Trx system consists of redox coupled Trx and Trx reductase (TR). Oxidation of active site cysteine residues in Trx promotes S‑nitrosylation of the additional Cys-73 (Wu et al., 2010) and renders Trx capable of trans-nitrosylating various other proteins, including caspase-3 (Mitchell et al., 2007). Importantly SNO-Trx does not serve as a substrate for TR (Hashemy and Holmgren, 2008). Interestingly, reduced Trx (TrxR) mediates denitrosylation, the removal of NO groups from the Cys thiol side chain, of numerous proteins or low-molecular-weight thiols. Although the Trx system has also been shown to catalyze the reduction of GSNO in vitro, the physiological relevance of this activity is not known.

[bookmark: _Toc250911248]The second widely recognised denitrosylase enzyme is the GSNO Reductase (GSNOR). The majority of low molecular weight thiol in mammalian cells represents GSNO and this is capable of nitrosylating a multitude of proteins. GSNOR is widely expressed in most cells and utilises NADPH to reduce GSNO to glutathione sulfinamide (figure 1.2). Importantly, GSNOR knockout mice display a significant increase in detectable GSNO as well as SNO-protein (Liu et al., 2001). This would suggest that GSNO and certain SNO-proteins exist in equilibrium controlled by trans-nitrosylation/denitrosylation. This enhanced SNO seems to have contrasting effects, significantly attenuating experimental asthma by protecting against allergic airway hyper-responsivity, with asthma being associated with falling SNO as a result of increased GSNOR activity in macrophages and epithelial cells (Que et al., 2009). Conversely, increased whole cell SNO was associated with severe inflammation in the setting of endotoxic shock; with comparable mice exhibiting tissue damage and mortality following endotoxic or bacterial challenge (Liu et al., 2004). This highlights the importance of this equilibrium under basal and stress conditions, and the consequences of disrupting it. Studies in endotoxemia and bacteremia are paradigmatic of other innate immune, inflammatory, degenerative and proliferative conditions in which iNOS is implicated. 

Protein-SNO + GSH      	           GSNO + protein
GSNO + NADH + H+          	      GSSG + NH4+


GSNOR


[bookmark: _Toc250902664][bookmark: _Toc250902495][bookmark: _Toc367544624][bookmark: _Toc367544784][bookmark: _Toc367545057][bookmark: _Toc367661042]Figure 1.2: A cellular SNO equilibrium. GSNOR catalyses the reverse reaction, and thus deficiency of GSNO seems to affect SNO-protein homeostasis, with far reaching consequences on the cellular environment. 

[bookmark: _Toc367660423]1.1.4.1 S-nitrosothiols: Reconciling selectivity and reactivity
The multifuntionality associated with NO as a signalling molecule throws up several conundrums. The most obvious being how such an abundant molecule can achieve the selectivity and reactivity necessary for specific delivery to regulate such a definitive subset of proteins. This is especially true considering that almost all proteins contain one, if not several, reactive cysteine residues, yet S-nitrosylation seems to occur only on the necessary targets. For example the ryanodine receptor contains around 50 cysteine thiols, but S-nitrosylation dependant modulation occurs specifically on Cys-3635 (Sun et al., 2001). 
Recent evidence has exposed several mechanisms through which S‑nitrosylation might achieve spatiotemporal precision (Derakhshan et al., 2007). This can occur via compartmentalisation of different NOS enzymes to bring them in to close proximity to the target proteins and give rise to direct protein-protein interaction (Iwakiri et al., 2006). For example, iNOS interaction with cyclooxygenase (COX-2) results in its S-nitrosylation at Cys-526, and thus its activation to produce inflammatory prostaglandins (Kim et al., 2005, Xu et al., 2008). One of the most well characterised examples is nNOS S‑nitrosylation of Dexras and the N-Methyl-D-aspartic Acid (NMDA) receptor, of which precise regulation is essential for functional activity in downstream signalling events (Choi et al., 2000). This compartmentalisation sequesters S‑nitrosylated proteins from cellular reductants. 
Local hydrophobic microenvironments, characterised by aromatic residues, allow O2 and NO to become concentrated, augmenting the formation of S‑nitrosylation capable NO derivatives and reducing the rate of hydrolysis of reaction intermediates such as N2O3 (Hess et al., 2005). Thus, the creation of localised hydrophobic pockets via allosteric rearrangement might allow proteins to catalyse their own S‑nitrosylation (Sun et al., 2001). 
This is insufficient evidence to account for the specificity of S‑nitrosylation required for effective signalling; work by Stamler et al has suggested the role of consensus motifs as targets for Cys nitrosylation. These include a flanking acidic and basic residue either side of the target cysteine, which occur significantly more often than would be expected by chance. These can be located in both the primary or tertiary structure and increase the nucleophilicity of the thiol sulphur, thus activating it (Stamler et al., 1997). This addition of NO can potentially disrupt electrostatic interactions between Cys-sulphur and hydrogens on aromatic rings, leading to probable functional consequences in terms of protein stability (Stamler et al., 1997). 
Recent proteomic evidence has modified the former opinion of flanking acid base motifs in favour of a revised model involving a more distal, charge exposed organisation. This motif is found in Inhibitory κB Kinase (IKK), Myloid primary-response protein 88 (MyD88) (chapter 4) and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) (chapter 5), whose regulation by S‑nitrosylation is discussed in detail in the specified chapters. It has been hypothesised that the acidic and basic residues can alter electrostatic properties on a molecules surface and propagate this perturbation through the protein resulting in conformational rearrangement to generate solvent exposed binding sites to allow protein-protein interactions and specific trans-nitrosylation (Marino and Gladyshev, 2009, Cho et al., 2009, Anand and Stamler, 2012). 
[bookmark: _Toc367660424]1.1.4.2 Targets for S-nitrosylation and the implications of dysregulation
As previously mentioned the number of known targets for S-nitrosylation is vast and is only continuing to increase. This emerging involvement of NO in cellular signalling transduction pathways has initiated interest in the idea that dysregulation of such S‑nitrosylation could contribute to pathological conditions (Foster et al., 2009a). Such studies have always been hindered by a lack of sufficient techniques to validate this hypothesis. However, recent developments, including the use of chemiluminescence (MacArthur et al., 2007) and the biotin switch assay to detect specific proteins, and even the exact modified cysteine, have greatly supplemented the number of modified proteins known (Gow et al., 2007). This has directly implicated hypo or hyper-S-nitrosylation of these targets in an increasing number of human diseases (Bellinger et al., 2009, Foster et al., 2009a, Cho et al., 2009, Chung et al., 2004). 
Many of these diseases are inflammatory disorders, such as lung injury and asthma, as well as strokes and multiple sclerosis (Foster et al., 2009a). This suggests a role for S-nitrosylation in regulation of the innate immune response.  The innate immune response is the body’s primary response to an infection and the factors associated with it have a comprehensive responsibility in both the initiation and resolution of an inflammatory profile. The inflammatory immune response provides a critical function in early containment of infection and the balance of responses between the pathogen and the host. Pathogens, such as Neisseria meningitidis, activate Toll Like Receptors (TLRs), in a species specific pattern in response to conserved Pathogen-Associated Molecular Patterns (PAMPS) and initiate signalling cascades via adaptor molecules such as MyD88 (Zughaier et al., 2004). This subsequently activates the transcription factor (TF) Nuclear Factor kappa B (NFκB), leading to upregulation of a wide range of pro-inflammatory cytokines including Interleukin-8 (Il-8) and Tumour Necrosis Factor-alpha (TNFα), as well as iNOS, cell adhesion molecules and the major histocompatibility proteins associated with initiating the adaptive immune response (Liu and Malik, 2006). It is thought that whilst TLRs collaborate to synergistically activate an inflammatory response, they can also have the potential to supplement immunopathology if over stimulated (Mogensen et al., 2006). For example, septic shock is a systemic inflammatory immune response syndrome (SIRS) to infection. It has now become evident that it is not the infection itself, but rather the host response to infection that eventually conspire to produce sepsis. 
Levels of NO have long been associated with an inflammatory immune response. However, recognition of NO as a potent signalling molecule has also suggested a contrary role for nitric oxide in a potentially anti-inflammatory position. Indeed, NO appears to inhibit neutrophil migration by down-regulating selectin and ICAM-1, leading to decreased rolling and adhesion to endothelium (Dal Secco, 2004). Thus NO appears to play a role in numerous immune processes. 
S-nitrosylation has been implicated in the regulation of surfactant protein-D, a collectin linked to the regulation of the innate immune response within the lung. Oligomerisation of this protein is crucial for its anti-inflammatory role, as it shields the tail domains normally responsible for instigation of a pro-inflammatory response. S‑nitrosylation of two key cysteine residues, situated at positions 15 and 20 within a hydrophobic motif inside the tail domain, seem to control the dichotomous nature of this collectin. This post-translational modification elicits a quaternary conformational change, exposing the tail domains and switching the inflammatory signalling role in favour of pro-inflammatory response, including increased migration of macrophages (Guo et al., 2008). 
Mannose-Binding Lectin (MBL) represents another immune component regulated by S-nitrosylation of specific cysteine residues. MBL is an important pattern recognition molecule for initiation of an immune response and activation of the alternative complement cascade (Kilpatrick, 2002). Recently it has also emerged as a potential regulator in recognition and clearance of dying cells (Nauta et al., 2004). S‑nitrosylation of cysteine residues hypothesised to occur in the cysteine rich region towards the end of the molecule disrupts the structural conformation that facilitates MBL binding to ligands (figure 1.3). High levels of anti-MBL auto-antibodies have also been detected against SNO-MBL in the plasma of RA patients, implicating a role for this protein in rheumatoid arthritis (Gupta et al., 2008). 
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[bookmark: _Toc367544625][bookmark: _Toc367544785][bookmark: _Toc367545058][bookmark: _Toc367661043]Figure 1.3: S-nitrosylation of the collectin, mannose-bindng lectin disrupts its ligand binding ability. Excess S-nitrosylation of MBL has been implicated in rheumatoid arthritis, with excessive auto-antibodies specifically against SNO-MBL being isolated. 

The S100 calcium binding proteins A8 and A9, which are expressed by neutrophils and IL-10 activated macrophages as well as microvascular endothelial cells, are ardent scavengers of oxidants and are postulated to provide a protective function in in-flamed tissue (Ikemoto et al., 2007, Koike et al., 2012). They are also considered to be Danger-Associated Molecular Patterns (DAMPS), able to perpetrate an immune response in a non infectious setting (Lim et al., 2011). The expression of the S100A8/9 complex is increased in patients with acute myocardial infarction (Katashima et al., 2010). It has been suggested that SNO-S100A8 is important in the suppression of mast cell activation as well as leukocyte adhesion in the micro-circulation, and thus is an important anti-inflammatory mediator (Lim et al., 2008). 
It is not only collectins and DAMPS that are capable of being modulated by S‑nitrosylation; the much more tightly regulated downstream signalling cascades are also mediated in this manner. Activation of the transcription factor NFκB is regulated by S-nitrosylation at many levels and this is discussed in detail in chapter 4. SNO dependant regulation also occurs on the Mitogen Activated Protein Kinases (MAPK). These represent a group of signalling molecules that exhibit a variety of important actions, including in inflammatory processes. There are several different types, differentially activated depending on the stimuli and cell type. During a normal signalling event stimulus, such as with LPS, results in phosphorylation of Jun N-terminal Kinase (JNK), this then feeds into various downstream signalling pathways (Park et al., 2008), in this case resulting in up-regulation of pro-inflammatory responses. Artificial induction of iNOS or treatment with an NO donor inhibited JNK-mediated phosphorylation and transactivation with Jun. This inhibition was mediated by S‑nitrosylation of a single conserved JNK thiol, Cys-116, which is not found in any other MAPKs (Liu and Malik, 2006). Interestingly, contrasting experiments suggested that endogenous S-nitrosylation of the JNK3 isoform increased its subsequent phosphorylation and contributed to increased damage in hippocampal neurons induced by cerebral ischemia (Pei et al., 2008).
Cell death and apoptosis can also be considered as key events in the innate immune response, and the pathology associated with it. S-nitrosothiols, as well as other NO derivatives, have been shown to regulate cell death in a number of ways, including through modulation of Apoptosis Signal-regulating Kinase 1 (ASK1) (Liu et al., 2013), p53 (Schonhoff et al., 2002), GAPDH (chapter 5) and through various mitochondrial and caspase mediated mechanisms which are discussed further in chapter 3.
This vast array of potential targets and inconsistent functionality of S‑nitrosylation serves to reinforce the notion that the balance and selectivity associated with S‑nitrosylation is key to maintaining its function. It also emphasises the consequences of disrupting such a tightly controlled equilibrium. Dysregulation of S‑nitrosylation has been associated with Parkinson’s (Chung et al., 2004) and amyotrophic lateral sclerosis (ALS) (Schonhoff et al., 2006) amongst others.  
[bookmark: _Toc367660425]1.1.4.3 NO as an antimicrobial agent
NO is a key component of the immune response and its production is upregulated in response to infection due to increased expression of the inducible NOS. Under these conditions, NO has been repeatedly shown to have a cytotoxic impact on micro-organisms and this has been extensively reviewed (Fang, 1997). The precise mechanisms vary depending on the microorganisms involved, their ability to detoxify NO and their sensitivity. Oxidation products of NO have been shown to have mutagenic effects on DNA, causing deamination of deoxynucleoside, deoxynucleotides and intact DNA in Salmonella typhimurium at physiological pH (Wink et al., 1991). 
NO has been shown to inhibit cellular respiration by reversible inhibition of cytochrome c oxidase (complex IV in the mitochondrial respiratory chain)(Cleeter et al., 1994) as well as mitochondrial complex I via a mechanism of S-nitrosylation (Clementi et al., 1998). Inhibition of cellular respiration by NO also inhibits mitochondrial ATP synthesis.
Zinc ions are an important component of several proteins, helping to stabilise their configuration. NO has been shown to displace zinc from metallothioneins in E. coli and the exposure of Salmonella enterica to SNO was associated with inhibition of bacterial DNA replication along with mobilization of intracellular zinc, implicating DNA-binding zinc metalloproteins as targets for antimicrobial NO (Schapiro et al., 2003).
NO and O2- radicals are both present in high concentrations in an infection scenario. These react together to form peroxynitrite (ONOO-). This is much more reactive than its individual parent components, rendering it extremely damaging to specific cellular components. It reacts with only a few chemical groups, which favours selective reactions with key moieties in proteins, such as thiol, Fe-S centres and zinc fingers. It therefore reacts with metal-centres, converting ferrous haem into the ferric form in proteins such as various globins, and amino acid residues (causing cysteine oxidation and tyrosine nitration); it also reacts with lipids, extracting a hydrogen atom from polyunsaturated fatty acids, ultimately leading to cell membrane degradation, and nucleic acids where, amongst other targets, it attacks the sugar phosphate backbone, resulting in DNA strand breaks (Pacher et al., 2007). 
Peroxynitrite can also alter protein structure and function by reacting with various amino acids in the peptide chain. The most widespread reaction is that with cysteine, making thiol oxidation a major modification introduced by peroxynitrite.The oxidation of critical cysteine residues by peroxynitrite also inactivates many enzymes involved in cellular energetic processes, including glyceraldehyde-3-phosphate deshydrogenase,, complex II (succinate dehydrogenase), and complex III (cytochrome c reductase).
Thus, NO functions as a potent host defence against invading microorganisms.

[bookmark: _Toc367660426]1.2 Neisseria meningitidis
1.2.1 A brief overview
Neisseria meningitidis, often referred to as the meningococcus, is a pathogenic member of the Neisseriae family that resides as a commensal in the human nasopharynx, where it is found in ~10 - 35 % of adults. It is a gram-negative, oxidase positive diplococcus and like most other members of the genus, these organisms are non-spore forming, catalase producing and capable of generating acid from carbohydrates oxidatively. Although they are incapable of flagella associated motility, they are capable of pilus-mediated twitching motility. Bacterial growth is stimulated by humidity and CO2, hence the specificity associated with its niche, requiring an optimal environment to grow in the laboratory. Dissemination of the bacteria from its biological reservoir can lead to septicaemia and meningitis, with invasive disease displaying a variable incidence. N. meningitidis infection continues to inflict individuals across the world and the mortality associated with invasive disease remains as high as 10 - 15 %, despite suitable antibiotic therapy. Many survivors have continued complications including limb amputation to remove necrotic tissue, sensorineural deafness or seizures (Baraff et al., 1993). Sequelae from meningococcal disease are usually as a result of septic shock, which is discussed later in section 1.2.5. 

[bookmark: _Toc367660427]1.2.2 The history of Neisseria meningitidis
The identification of a disease resembling that of meningococcal disease dates back as far as the 16th century. In 1805 meningococcal disease was described by Vieusseaux during an outbreak in the vicinity of Geneva, Switzerland, resulting in 33 deaths (Vieusseaux, 1805). The existence of intracellular oval micrococci in a Cerebrospinal Fluid (CSF) sample was first identified by the Italian pathologists Marchiafava and Celli. However, the bacterium causing meningococcal disease was first identified in the CSF of six out of eight bacterial meningitis patients by Anton Weichselbaum in 1887 and the bacterium was named Diplococcus intracellularis (Weichselbaum, 1887). In 1896 Kiefer was able to grow meningococci from the nasopharynx of individuals suffering from meningococcal disease as well as from those who had been in close contact with patients, but displayed no obvious symptoms of infection; the first evidence for non-symptomatic carriage of the organism (Kiefer, 1896). Later, Dopter isolated organisms from the nasopharynx that displayed all the characteristics of meningococci, but did not agglutinate upon addition of anti‑meningococcal antibodies raised against other strains isolated from the CSF. These organisms were named parameningococci and were shown to cause meningitis; the first demonstration of meningococcal serogrouping (Dopter, 1909). 
Prior to 1920, meningococcal disease was fatal in up to 70 % of cases and until the introduction of sulphonamides in 1937 for the treatment of asymptomatic carriage of N. meningitidis, treatment was achieved by using serum therapy with serum from immunised horses (Flexner, 1913). This was capable of reducing mortality rates to ~30 %. An emerging resistance to sulphonamides in the 50’s and 60’s necessitated a switch to the use of penicillin and chloramphenicol. However, despite appropriate antibiotic treatment and improved medical care, there has been a stabilisation in the fatality rates of infected individuals over the last 20 years at around 12 %, with a high of 40 % in patients with meningococcal sepsis. The emergence of resistant strains led to the development of polysaccharide vaccines based on group A and C capsule (Artenstein et al., 1970), however the serogroup B polysaccharide has a capsule identical in structure to polysialic acid expressed on human neural cells; therefore it is poorly immunogenic. Various attempts have been made to produce a suitable vaccine against group B meningococcus, including the use of conjugated, chemically modified group B capsule and the use of outer membrane proteins as non-capsular antigens using a process of reverse vaccinology; with a vaccine using this approach recently being licensed in Europe (Bai et al., 2011). Meningococcal epidemics are an ongoing clinically relevant problem in developing and developed countries, with serogroup B meningococcal infection accounting for approximately 1500 cases a year in England and Wales.  
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1.2.3 Classification of Neisseria meningitidis
Epidemiological studies enhance our understanding of organism transmission and help to maintain effective outbreak control. The close interaction between N. meningitidis and the human host is reflected in the extreme variability and diversity of the bacterial surface, which is a product of its natural transformability and due to various recombination and mutation based systems. These bacterial components display extreme variation in the molecular structure (antigenic variation) and the level of expression (phase variation) between individual strains, but also within a given strain and even between individual bacteria within a population. As such, these bacteria are notoriously difficult for the host immune response to recognise and remove and in a disease setting, where bacteria are present in the bloodstream, the presence of phase variation means that any antibody based acquired immunity is quickly rendered obsolete. It is this inherent variability that created a major challenge in the hunt for a universal meningococcal vaccine. Interestingly, Multi-Locus Sequence Typing (MLST) is able to separate N. meningitidis into groups of related sequence types known as clonal complexes and studies have shown that while there is extensive diversity in the overall bacterial population, there are relatively few lineages associated with invasive disease. 
[bookmark: _Toc367660429]Given that these organisms are highly variable a system of classification is essential to group and name them based on the following components: 
1.2.3.1 Serogrouping based on bacterial capsule
In contrast to its close relative, Neisseria gonorrhoeae, Neisseria meningitidis possesses a polysaccharide capsule and it is the chemical composition of this capsule that allows meningococci to be separated into the 12 different serogroups (A, B, C, E, H, I, K, L, X, Y, Z and W (Liu et al., 1971a, Liu et al., 1971b, Roberts, 1996). The five most common serotypes are A, B, C, Y and W and these are responsible for 90 % of infections, with serogroups A and C predominating in Asia and Africa and serogroups B and C responsible for the majority of cases in Europe and the Americas (Caugant, 1998) although serogroup C prevalence has dropped down to ~13 % in Europe, largely due to immunisation programs. Recent studies have suggested an increase in prevalence of infection due to serogroup Y meningoccoci in certain parts of Europe (Broker et al., 2012). The capsule present on serogroups B, C, Y and W is composed of sialic or polysialic acid linked to glucose or galactose (Liu et al., 1971a), conversely group A meningococci are surrounded by a capsule composed of N-acetyl mannosamine-1-phosphate (Liu et al., 1971b). The capacity of meningococci to exchange genetic material, including that responsible for capsule production, means they are capable of switching from, for example, group B to group C and vice versa. 
Further classification of meningococci is achieved by separating them into serotypes and serosubtypes on the basis of Outer Membrane Protein (OMP) antigens. They can also be further separated into immunotypes on the basis of lipooligosaccharide antigens. 
[bookmark: _Toc367660430]1.2.3.2 Serotyping based on porin 
The most abundant outer membrane protein of N. meningitidis is the Neisserial porins (Minetti et al., 1997) and the bacteria possess the ability to concurrently express two porin proteins. These include PorA, the class 1 OMP antigen (44‑47 kDa) and PorB, of which there are two classes, PorB2 (40-43 kDa) and PorB3 (37-39 kDa), which are mutually exclusive i.e they are not expressed together. Thus, the bacteria can be serotyped based on the class of PorB that each strain expresses. They can be further serosubtyped based on differences in PorA (Frasch et al., 1985). The function and role of the porin proteins in infection is discussed in section 1.2.4.3.
[bookmark: _Toc367660431]1.2.3.3 Immunotyping based on lipooligosaccharide
The meningococcal outer membrane contains a derivative of the gylcoprotein lipopolysaccharide (LPS) component associated with gram-negative bacteria. In this instance it does not contain the multiple repeating sugar units associated with LPS, alternatively being composed of a lipid A outer membrane anchoring moiety and a short oligosaccharide chain core and is thus referred to as lipooligosaccharide (LOS), the low molecular weight equivalent. N. meningitidis is immunotyped into 12 groups based on the LOS antigen structure (Scholten et al., 1994).
[bookmark: _Toc367660432]1.2.3.4 Evolution of meningococcal typing
Meningococci were originally classified using a serological approach to identify antigenic variation between strains (Frasch et al., 1985). Although phenotypic characterisation helps to reveal close genetic relationships, the use of serotyping based on the variation of a subset of genes, which are subject to selection pressure, is not suitable for modern epidemiological purposes. Therefore this was supplemented with Multi-Locus Enzyme Electrophoresis (MLEE) which identifies naturally occurring polymorphisms in multiple core metabolic enzymes on the basis of electrophoretic mobility (Selander et al., 1986). However, this technically demanding technique was subsequently replaced with much easier MLST, which characterises isolates of microbial species using the DNA sequences of internal fragments of multiple housekeeping genes to identify strains by their unique allelic profile. This technique was developed for Neisseria meningitidis, but can be applied to all pathogenic bacteria (Maiden et al., 1998). 

[bookmark: _Toc367660433]1.2.4 Neisseria meningitidis infection
[bookmark: _Toc367660434]1.2.4.1 Transmission and carriage of Neisseria meningitidis
As previously mentioned, the human nasopharynx is the only natural reservoir of N. meningitidis and bacteria are transferred from one person to another via the respiratory route either by direct contact, or via Neisseria-infected droplets; the latter being less effective. Asymptomatic nasophayngeal carriage of meningococcus can be transient, intermittent or persistant and the rate is often higher in lower socioeconomic classes, military recruits, prisons and university students due to individuals living in close proximity to one another (Stuart et al., 1988, Caugant et al., 1992, Neal et al., 2000). There are also a number of pre-disposing risk factors associated with meningococcal carriage, including active or passive smoking and concomitant respiratory infection (Stephens, 1999). Invasive disease often occurs within the first week post acquisition, due to a much higher transmission rate in virulent clones, whereas certain individuals may carry pathogenic meningococci for many months or years without becoming ill. Various bacterial factors (virulence factors) as well as host factors influence the outcome of exposure to strains of N. meningitidis. At least three conditions need to be met to lead to invasive meningococcal disease, and these are 1) exposure to a pathogenic strain, 2) colonisation of the nasophayrnx by a pathogenic strain and 3) penetration of the mucosa and invasion of the bloodstream. These processes are influenced by environmental conditions and bacterial properties (van Deuren et al., 2000).  
[bookmark: _Toc367660435]1.2.4.2 Colonisation and invasion by Neisseria meningitidis
The initial step in successful colonisation of the meningococcus to the human nasopharynx is via adhesion to the epithelial surface. This interaction is predominantly mediated by the Type IV pilli (Tfp) in capsule expressing bacteria. CD46, a membrane bound complement regulator, has been suggested to be the host cell receptor for Tfp (Kallstrom et al., 1997). However, CD46 independent attachment has been shown for gonococcal infection, suggesting a more complex interaction than receptor/ligand binding (Kirchner et al., 2005). 
Tfp is composed of hetero-multimers of pilin proteins, which are characterised by the presence of a hydrophobic N-terminal sequence and a C-terminal sequence containing two cysteine residues. The main pilin subunit is PilE, which multimerises to form a helical protrusion (Parge et al., 1995); this also contains small quantities of alternative pilins such as PilV and PilX, which although present in low abundance, are important contributors to the formation of microcolonies on cells (Helaine et al., 2005). This structure is capped by the 110 kDa tip adhesin, PilC; proposed to mediate binding to human cell surface receptors and mediating pilus assembly (Rudel et al., 1995) (figure 1.4). The meningococcus contains two forms of PilC, PilC1 and 2, allowing for redundancy within the assembly system, with the expression of either giving rise to pilus formation (Nassif et al., 1994).However, adhesion of either PilC1 or PilC2 promotes different effects on infected cells, with meningococcal PilC1 infected cells displaying a pronounced reduction in motility copared to those infected with PilC2 expressing bacteria. This implies that meningococci have evolved to discriminate between differential cell types in specific micrenvironments (Morand et al., 2009).  
The molecular basis of the mechanism that allows microcolonies of bacteria to avoid sheer stress such as mucosal flow associated with colonisation of the nasopharynx is becoming apparent. PilX allows aggregation of bacteria prior to the first stage of localised meningococcal adherence to epithelial cells, mediated by PilC. PilV, a minor pilin, then promotes the recruitment of cholersterol to form cortical plaques, which contain various components including EGFR (a tyrosine kinase receptor), adhesion molecules, F-actin and ezrin (a protein linking the intracellular cytoskeleton to membrane components) (Merz et al., 1999). This leads to N. meningitidis mediated induction of actin polymerisation to form microvilli like cell surface protrusions, interaction with which protects the bacteria from sheer stress (Mikaty et al., 2009). 
Tfp are capable of undergoing post-translational modification and it is suggested that glycosylation of pillin could mediate detachment of bacteria from surface microcolonies, leading to dissemination to a new location (Chamot-Rooke et al., 2011). The inner membrane associated pilin ATPase, PilT, is indispensible to allow further intimate attachment of bacteria to cell surfaces (Pujol et al., 1999). It is involved in ATP-dependent retraction of the pilus via disassembly from the base and was reported as an effecter for twitching motility of bacteria (Wolfgang et al., 1998), which allows bacteria to spread across the apical surface of host cells. PilT- mutants are incapable of forming intimate attachments with epithelial/endothelial cells. This process of pilus retraction mediates the second stage of meningococcal adherence known as diffuse adherence, characterised by the breakdown of microcolonies and the spreading of meningococci across the host cell surface (Pujol et al., 1999).   
Although Tfp are essential for mediating initial interactions in order to allow long-term colonisation of bacteria, a more stable adhesion is required. This process begins with decreased expression of Tfp and the polysaccharide capsule. The capsule has been shown to severely impede bacterial and cell interactions due to the highly charged and hydrophobic nature. Carrier isolates retrieved from the nasopharynx are predominantly acapsulate. Conversely, isolates obtained from patients suffering from meningococcal disease were almost exclusively capsulate (Cartwright et al., 1987). This implies that following dissemination into the bloodstream and interaction with various immune components expression of capsule is switched on to allow survival of bacteria. Indeed, there is substantial evidence implicating the meningococcal capsule as being of great importance in the evasion of various immune responses preventing, for example, adherence to isolated monocytes (McNeil et al., 1994). 
More intimate adhesion of bacteria to the host is mediated by an array of outer membrane molecules, including LOS (Albiger et al., 2003). Key to this is the opacity proteins, Opa (opacity-associated) and the structurally unrelated Opc (Virji et al., 1993). Opc is a 10 stranded β‑barrel protein possessing 5 surface exposed loops (Achtman et al., 1988) encoded by a single gene, opcA, which binds to extracellular matrix proteins such as vitronectin and fibronectin (Virji et al., 1993). Although structurally it is relatively conserved, the levels of strain expression may vary in vivo and vitro. The Opa proteins are eight-stranded transmembrane β-barrel structures with four surface-exposed loops, the first of which is semivariable (SV), whereas loops 2 and 3 are hypervariable (HV1 and HV2); the fourth loop is invariant (Aho et al., 1991). Meningococci express four opa genes and the number of repeats (CTCTT) within the opa gene determines whether the gene is in frame and thus its expression level. This process controls Opa antigenic variation, generating a vast array of Opa variants, which while enabling bacteria to evade host immune mechanisms, poses the problem of maintaining their functional role as adhesins (Carbonnelle et al., 2009, Aho et al., 1991).
The main binding partners for Opa are the Carcinoembryonic Antigen Cell Adhesion Molecules (CEACAMs), which are members of the immunoglobin superfamily (Virji et al., 1996). As the expression of some of the receptors is restricted to particular cells or tissues (Hammarstrom, 1999), the choice of CEACAM member for adhesion imparts tissue tropism to the bacteria. Both Opa and Opc are also capable of binding to Heparan Sulphate Proteoglycans (HSPGs) and sialic acids, although HSPG interactions are generally low affinity and do not result in efficient uptake. It appears the mode of Opa and Opc interaction is dependent on the target cell type (de Vries et al., 1998, Carbonnelle et al., 2009). In addition to their influence on binding, the expression of certain opacity proteins has been shown to be associated with increased meningococcal invasiveness, although this is varied and dependent on the cell type under investigation (de Vries et al., 1996). 
Due to the ability to sequence the genome of N. meningitidis, an increased number of novel adhesins and related proteins have been identified and these have been roughly categorised into four structural groups:
The autotransporters include Neisseria hia homolog A (NhhA), a 57 kDa protein and Adhesion and penetration protein (App), a 160 kDa protein. NhhA has been found to be frequently expressed in virulent strains of meningococci and mediated low levels of adhesion to HSPG and laminin present on epithelial cells (Scarselli et al., 2006). In contrast, App is found in both pathogenic and commensal species and is suggested to aid bacterial colonisation by increasing adhesion prior to undergoing autocleavage, which in turn leads to detachment, thus facilitating the spread of the bacteria (Serruto et al., 2003). 
Neisserial adhesin A (NadA) is a member of the oligomeric coiled coil family of adhesins (Comanducci et al., 2002). The protein receptor for NadA is uncharacterised, although this binding is thought to occur via its N-terminal globular head domain (Capecchi et al., 2005). Three out of four hyper-virulent N. meningitidis lineages express the nadA gene (Comanducci et al., 2002); however it is associated much less frequently with commensal strains (Comanducci et al., 2004). Its expression is phase variable and may be growth-phase dependent. NadA mutation decreases epithelial adhesion by capsulate N. meningitidis and invasion by acapsulate N. meningitidis (Capecchi et al., 2005). Given that anti-NadA antibodies are bactericidal, it was postulated as a novel vaccine candidate for use against meningococcal serogroup B strains (Comanducci et al., 2002). A vaccine containing a NadA component was recently licensed for use (Gorringe and Pajon, 2012).  
Neisserial surface protein A (NspA) is a homologue of Opa adhesins, consisting of a basic β-barrel protein with four surface exposed loops; it is highly conserved amongst strains. The crystal structure of NspA suggests that these loops form a long cleft containing hydrophobic residues, forming an area compatible with a potential binding site that would bind to the hydrophobic ligands consistent with lipids, although this remains unclear (Vandeputte-Rutten et al., 2003). Like NadA, a protective bactericidal antibody response can be raised against NspA (Martin et al., 1997), but this remains controversial (Moe et al., 2001). 
The meningococcal HrpA–HrpB Two-Partner Secretion System (TPS) involved in the secretion of large proteins has recently been implicated in diverse roles in meningococcal infection. Both HrpA and HrpB have been shown to favour bacterial adhesion of unencapsulated bacteria expressing truncated LPS to host cells (Schmitt et al., 2007), something that is especially relevant given that in the nasopharynx capsule expression is downregulated. It has also been postulated that these proteins are essential for intracellular survival of bacteria (Tala et al., 2008). 
The initial attachment of bacteria to the apical surface of cells therefore involves a series of steps mediated by several interacting partners both in the host and the pathogen, and some evidence points to the involvement of regulatory networks in the meningococcus. At this stage the pathogen can become internalised, or survive on the epithelial surface, possibly within a multi-cellular community (figure 1.5).
Tfp-induced cortical plaques also play an important role in subsequent invasion across the vascular endothelium. The bacteria are capable of disrupting various endothelial cell based signalling pathways, recruiting various proteins from adherens junctions. This has been suggested to occur via the β2–adrenergic receptor interacting with β-arrestin adaptor proteins (Coureuil et al., 2010). This mediates their reorganization leading to the opening of paracellular channels through which the meningococci can then translocate the intercellular space. A similar mechanism also occurs at the epithelial interface, although in this instance migration through the epithelium occurs via a transcellular pathway (Sutherland et al., 2010).
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[bookmark: _Toc367544626][bookmark: _Toc367544786][bookmark: _Toc367545059][bookmark: _Toc367661044]Figure 1.4: Outer membrane and surface structure of Neisseria meningitidis. Cross-sectional representation of the meningococcal outer membrane showing the location of important meningococcal typing antigens and other major membrane-associated surface structures. Components of the type IV pilus structure and biogenesis apparatus are shown. This pilus structure mediates initial attachment of the bacterium to the nasopharyngeal epithelium. The PilQ domain can also mediate DNA uptake from the environment, which can then integrate with the genome by homologous recombination in the cytoplasm. 
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[bookmark: _Toc367544627][bookmark: _Toc367544787][bookmark: _Toc367545060][bookmark: _Toc367661045]Figure 1.5: A much simplified schematic of meningococcal colonisation and invasion. Capsulate strains are resistant to desiccation, facilitating their survival in the nasopharynx. The positioning of pili allows adhesion, shedding of the capsule allows progression to intimate attachment. Acapsulate bacteria possess fully functional OMPs, allowing them to become invasive, crossing epithelial/endothelial cell membranes via a transcytosis or paracellular pathway.  
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Once established in the nasopharynx, the meningococcus displays several survival mechanisms to prevent its clearance by immune factors, or as a result of failure to acquire necessary nutrients. The bacteria circumvent this by using a variety of devices, including biofilm formation which may act as a shelter against immune components. This has only recently been described in N. meningitidis, and understanding the relationship between the presence of bacterial capsule, biofilm formation and its relevance to colonisation is still not fully understood (Yi et al., 2004). Although, it has been established that pili contribute to formation, with PilX being required for normal biofilm development (Lappann et al., 2006).  
The acquisition of sufficient nutrients including lactate and iron is also essential for prolonged colonisation of the nasopharynx. N. meningitidis expresses host iron-transport protein surface receptors. On the mucosal surface the predominant iron-binding protein is lactoferrin, which is bound by lactoferrin binding proteins A and B present on the bacterial surface (Perkins-Balding et al., 2004). Upon use of lactoferrin, the bacteria upregulate various proteins associated with intimate attachment, including NhhA as well as PorB, which is usually expressed at low levels due to its ability to activate the complement system (Estabrook et al., 2004). The porins, including PorA and B act as pores in the bacterial membrane regulating the exchange of ions and other solutes between the cytoplasm and the extracellular milieu. There is evidence that porin modulates actin nucleation, potentially important for bacterial entry into cells (Wen et al., 2000). The role of PorB in prevention of host mitochondrial depolarisation and apoptosis has also been well documented (Massari et al., 2003).
The presence of natural flora and inhaled antigens in the nasopharyngeal mucosa provides a challenge for the immune system: requiring an effective response to pathogens whilst balancing the risk of an overreaction to harmless antigens. As a result, the barrier functions of the epithelium and non-specific innate effectors are prominent, with adaptive immune responses being highly regulated. Various antimicrobial peptides are produced to lyse and kill bacteria. However, N. meningitidis can modify the lipid A component of LOS by addition of phosphoethanolamine, leading to formation of a stable outer membrane network. This enables adjacent LOS molecules to be cross-linked via divergent divalent cations, The bacteria also possess and antimicrobial export pump, and both of these adaptations are protective against antimicrobial peptides (Tzeng et al., 2005). The cathelicidin-related antimicrobial peptide, LL-37, leads to charge mediated bacterial damage; N. meningitidis possesses the factor H binding protein (fHbp) which neutralises these effects (Seib et al., 2009). Bactericidal antibodies can be produced against fHbp and as such it is a component of the multicomponent menB vaccine (Gorringe and Pajon, 2012).
As previously discussed, section 1.1.4.3, NO produced by iNOS present in macrophages and epithelial cells is a potent antimicrobial agent. The bacterial genome of N. meiningitidis encodes several enzymes that protect bacteria from NO mediated killing. These include the NO reductase NorB as well as an NO detoxifying enzyme, cytochrome c’, encoded by cycP, which are associated with enhanced survival in nasopharyngeal tissue (Stevanin et al., 2005). NorB will be discussed in further detail in section 1.2.6.
A subject that has recently received attention is the involvement of other members of the flora to the success of the meningococcus in the nasopharynx. Especially given that colonisation with Neisseria lactamica may provide protection against N. meningitidis acquisition and colonisation (Evans et al., 2011). With developments in sequencing technology revealing the extent of microbial diversity at mucosal surfaces in the human host, this could provide an interesting area for future investigations.
Evasion of the adaptive immune response is also important to bacterial survival. The main immunoglobulin associated with mucociliary clearance by agglutinating pathogens and impeding attachment to epithelia is dimeric IgA, produced by subepithelial plasma. IgA is also associated with neutralising secreted bacterial toxins. Meningococcal bacteria have developed resistance to IgA by secreting a protease, which cleaves the polypeptide hinge region of the immunoglobulin (Plaut and Bachovchin, 1994, Vitovski and Sayers, 2007).

[bookmark: _Toc367660437]1.2.5 Meningococcal disease
Once meningococci have penetrated the mucosal epithelium and evaded cell-mediated and humoral aspects of the immune system they have successfully invaded the host. The bacteria can then go on to replicate in the bloodstream and may eventually cross the blood-brain barrier to invade the meninges (Coureuil et al., 2012). Approximately 70 % of individuals with meningococcal disease display inflammation of the meninges and of these 40 % will also have meningococcal bacteraemia. In approximately 10 % of cases, the patient will have meningococcal bacteraemia in the absence of any meningitis (Dankert, 2004).  
There is a vast amount of evidence suggesting that the major pathophysiological event in meningococcal disease is as a result of disruption to the microvasculature. The inflammatory profile instigated by a pathogenic infection leads to a massive increase in vascular permeability. It also results in increased expression of adhesion molecules on immune cells such as neutrophils and macrophages leading to an increase in their presence at the site of infection and an increase in their release of inflammatory mediators. This also leads to the loss of blood albumin, the major protein responsible for aortic pressure, which can contribute to hypovolaemia, the diminished volume of circulating blood and cardiac dysfunction. This is suggested to be via a mechanism of enzymatic degradation of endothelial surface glycosaminoglycans (Klein et al., 1992, Oragui et al., 2000).
In response to hypovolaemia the vasculature may undergo vasoconstriction to try and compensate and maintain blood pressure and organ perfusion. Severely affected patients may develop ischaemia which can result in thrombosis, especially as during meningococcal sepsis there is disruption of the pathways involved in the homeostatic maintenance involved in clot formation. This can also lead to gangrene in affected extremities due to a shortage of oxygen. Conversely, certain patients develop intense vasodilation leading to hypotension and possible organ impairment. This can often lead to renal failure.     
Among the clinical complications associated with meningococcal disease, the most significant is that of septic shock. This occurs as a result of hypovolaemia and can lead to multiple organ dysfunction syndrome. The mortality rate associated with septic shock ranges from 25 – 50 % (Wang et al., 2007, Angus et al., 2001). 

[bookmark: _Toc367660438]1.2.6 The partial denitrification pathway of Neisseria meningitidis
The nasopharyngeal environment is rich in microflora and both strict aerobes and anaerobes have been isolated. Traditionally N. meningitidis is considered an obligate aerobe, often cultured under fully aerobic conditions. However it has become clear that the organisms, although incapable of anaerobic respiration (Rock et al., 2005), are able to grow in conditions of reduced aeration, i.e. under oxygen limited conditions. It is also apparent that under these conditions nitrite is removed from the culture (Anjum et al., 2002), thus meningococci are capable of supplementing their growth by a process of partial denitrification (figure 1.6). This is extremely important given the oxygen limited conditions associated with the nasopharynx (Rock et al., 2005). 
As an overview, the process of denitrification involves the reduction of nitrate (NO3‑) to dinitrogen gas, (N2). This is separated into four individual stages catalysed by a specific enzyme. The first of which involves conversion of NO3- to NO2- by nitrate reductase. This is followed by reduction of NO2- to NO by nitrite reductase. NO is then converted to N2O by nitric oxide reductase and finally nitrous oxide reductase converts N2O to N2 (Berks et al., 1995). 
The meningococcus possesses homologues of respiratory complexes I, II and III. This would suggest that electrons enter the respiratory chain through a proton translocating NADH dehydrogenase or a succinate dehydrogenase and these electrons are transferred to the cytrochrome bc1 complex via ubiquinone (Rock and Moir, 2005). Interestingly, N. meningitdis is only possesses one oxygen-using terminal reductase, cytochrome cbb3 oxidase, which usually displays a high oxygen affinity in other organisms and is associated with oxygen-limited conditions (Pitcher and Watmough, 2004). This would infer that the meningococcus has an adaption that allows it to undergo microaerobic growth. 
Genome sequencing has also revealed the presence of two alternative terminal electron acceptors (Tettelin et al., 2000). These include the nitrite reductase, AniA, and a nitric oxide reductase, NorB. These are divergently transcribed and are separated by an intergenic 370 bp region. AniA was originally identified as an anaerobically induced outer membrane protein. It is a copper-containing reductase similar to that found in Neisseria gonorrhoeae (Hoehn and Clark, 1992). NorB is a quinol-oxidising (qNOR) enzyme similar to that found in Ralstonia eutropha (Cramm et al., 1999). 
As well as supplementing their own growth through NO2- reduction when oxygen is scarce, meningococci also utilise these enzymes to avoid killing by NO and it’s adducts, thus protecting them from the anti-microbial affects associated with NO. However, as the reduction of NO2- by AniA also produces NO, it is important that the expression of the individual pathway components is controlled to prevent accumulation of toxic levels of NO. The expression of aniA in N. meningitidis is controlled by oxygen levels via the transcriptional regulator, FNR. The [4Fe-4S]2+ cluster present in FNR is oxygen labile, thus controlling protein dimerisation and subsequent DNA binding (Kiley and Beinert, 1998). FNR has also been demonstrated to be sensitive to NO, reacting with it to form a mixture of monomeric and dimeric Dinitrosyl-Iron Complexes (DNICs). This lowers FNR’s affinity for the DNA binding sequence (FNR box) (Cruz-Ramos et al., 2002). Interestingly the meningococcal FNR is different from other FNR homologues present in facultative anaerobes, as under aerobic condition it maintains the ability to bind its DNA sequence. As such, meningococcal FNR will allow limited transcription from promoters that it regulates under aerobic conditions. FNR is necessary for AniA expression as deletion of the fnr gene prevents aniA transcription, consolidating its function as a transcriptional activator (Lissenden et al., 2000, Rock et al., 2007). 
AniA expression is also controlled by the two component sensor regulator NarQ/P, with microaerobic expression of aniA being upregulated in the presence of NO2- (Rock et al., 2007). These are homologous to those found in E. coli, where a conserved 17 residue periplasmic domain known as the P-box present in NarQ binds NO2- and this leads to its phosphorylation. NarQ is then able to phosphorylate NarP which activates its DNA binding capabilities and therefore modulates gene expression (Chiang et al., 1997). This is different to regulation of aniA expression observed in the gonococcus, where NO2- has no impact (Overton et al., 2006). This is due to the fact that in N. gonorrhoeae NarQ is constitutively active, phosphorylating and activating NarP regardless of the presence of NO2-. 
The expression of aniA is also further regulated by the presence of NO and this is achieved by the NO-sensitive repressor protein (NsrR). The process of metabolic denitrification is therefore linked to the expression of the NO reductase, NorB, whose expression is consequent on the presence of NO. Both aniA and norB have been identified as part of the NsrR regulon of N. meningitidis (Heurlier et al., 2008). NsrR is a member of the Rrf2 family of transcription regulators (Beaumont et al., 2004), binding to its specific DNA location and repressing gene expression at NO concentrations less than ~1 µM. When [NO] is in excess of this value, NsrR dissociates from its binding site, allowing the expression of NsrR regulated genes (Heurlier et al., 2008).  
Therefore, given the conditions that meningococcal bacteria are exposed to as a nasopharyngeal commensal and under the nitrosative stress imposed by the immune system, the following mechanism has been proposed for the expression of denitrification and detoxification machinery. When NO concentrations are low, the oxygen tolerant FNR allows limited transcription of aniA despite NsrR still being bound. In the presence of NO2-, this expression is enhanced allowing the bacteria to supplement its growth by the AniA mediated reduction of NO2-. This results in the generation of NO, inactivating NsrR when concentrations reach ~1 µM. Transcription of aniA and norB and other denitrification components is thus increased, allowing denitrification to continue at an increased rate. The NO produced during this process is also detoxified by NorB protecting the bacteria from its harmful effects. In the human nasopharynx, the levels of NO are likely to be relatively high, meaning that the NsrR regulon is more than likely constitutively de-repressed.  
During an immune response, the nitrosative burst produced by macrophages leads to exposure of the bacteria to much higher NO concentrations. In this instance the metal centres of FNR will react with NO as described previously, reducing FNR’s affinity for its DNA binding site, thus preventing aniA transcription. However, norB will continue to be expressed; in this way bacteria are protected from host NO mediated killing whilst the contribution of bacteria to toxic NO levels is inhibited. 
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[bookmark: _Toc367544628][bookmark: _Toc367544788][bookmark: _Toc367545061][bookmark: _Toc367661046][bookmark: _Toc250902498][bookmark: _Toc250902667]Figure 1.6 Organisation of the meningococcal respiratory chain. Electron transfer pathways are represented as curved arrows. The meningococcus possesses homologues of respiratory complex I, NADH dehydrogenase which liberates 2 electrons from NADH, and complex II, succinate dehydrogenase, which transfers electrons from succinate to the quinone pool. These electrons are transferred through ubiquinone to the complex III homologue, cytochrome bc1, which utilises them to contribute to the proton gradient. Neisseria meningitidis is also capable of supplementing its growth using denitrification as an alternative to oxygen respiration. Both nitrite-reducing (AniA) and oxygen-reducing (cbb3) enzymes receive electrons downstream from the bc1 complex and cbb3 uses these to contribute to the proton gradient. AniA subsequently reduces nitrite to nitric oxide (NO). This is then further reduced to nitrous oxide (N2O) by NorB, utilising electrons from the quinone pool.


[bookmark: _Toc367660439]1.2.6.1 Impact of meningococcal NO detoxification on host-pathogen interactions
Infectious disease can be considered as the outcome of interactions between the invading microbe and the host. NorB has been implicated as an important virulence factor for N. meningitidis, contributing significantly to the survival of the organism under conditions of nitrosative stress. The presence of the NorB enzyme is integral for survival of the bacteria in nasopharyngeal mucosa and it protects the meningococcus from NO mediated killing by Monocyte-Derived Macrophages (MDM) (Stevanin et al., 2005). 
Importantly, the ability of the bacteria to detoxify NO has been shown to have functional consequences on the host. The activity of NorB has been implicated in macrophage survival (Tunbridge et al., 2006) and has also been shown to influence the release of cytokines and chemokines from Neisseria infected human MDM. This work also revealed that exposure of resting MDM to the exogenous NO donor S-nitroso-N-AcetylPenicillamine (SNAP) significantly altered the cytokine expression profile (Stevanin et al., 2007), further linking these observations to bacterial NO detoxification. 
Perhaps most important to the work presented in this thesis, is the recent observation that the ability of various bacteria, including, N. meningitidis, to detoxify NO decreases the amount of detectable S-nitrosothiol in a murine macrophage model of infection (Laver et al., 2010). This work demonstrates that the meningococcal NorB is capable of increasing the rate of decomposition of GSNO in vitro as well as decreasing detectable S-nitrosothiol following stimulation with LPS and recombinant mouse interferonγ and concomitant infection with NorB expressing Neisseria meningitidis (Laver et al., 2010). As S‑nitrosothiol based signalling clearly requires a tightly regulated equilibrium this could have far reaching effects, perhaps augmenting inflammatory responses associated with sepsis in meningococcal disease. This represents a novel mechanism of bacterial pathogenesis and throws up ideas of how such infections could potentially be treated.

[bookmark: _Toc367660440]1.3 Aims and objectives 
The work outlined in this thesis was undertaken with the aim of identifying specific targets and direct physiological consequences of bacterial NO detoxification on the host cell. With this aim in mind, potential targets known to be regulated by S‑nitrosylation were identified and the affect of meningococcal infection, and the ability of the bacteria to detoxify NO, on their function were investigated. The steps taken to realise this aim, including establishing a cell model to investigate the role of NorB on caspase-3 activity and cell death, NFκB activity and GAPDH nuclear translocation are detailed in chapters 3, 4 and 5 respectively. Further information detailing the functions of the individual targets and the mechanisms of their NO based regulation are expanded in the text of each chapter. 
Work was also undertaken to try and replicate the initial finding of Laver et al in an in vivo mouse model. Work detailing initial attempts to construct a suitable murine infection model and the measurement of total NO derivatives and S‑nitrosothiol content of host tissue and plasma following meningococcal infection as well as preliminary results are expanded in chapter 6. 














[bookmark: _Toc367660441]2.0 Materials and methods
[bookmark: _Toc367660442]2.1 Reagents, buffers and solutions
[bookmark: _Toc367660443]2.1.1 Reagents
All reagents, as well as chemical and laboratory supplies were purchased from Sigma-Aldrich or BDH Laboratory Supplies, unless otherwise described within the text:
[bookmark: _Toc367660445][bookmark: _Toc367660446][bookmark: _Toc367660448][bookmark: _Toc367660449]Antifoaming agent FG-10 30x concentrate was purchased from Dow Corning, this was diluted to a working concentration for experimental procedures. Complete, mini EDTA-free protease inhibitor cocktail tablets were purchased from Roche. Enhanced Chemiluminescence (ECL) reagents were purchased from Pierce. HyperfilmTM ECL film was purchased from Amersham BiosciencesPolyvinylidene Difluoride (PVDF) membrane HybondTM-P was purchased from Amersham Biosciences. Recombinant mouse Interferon-gamma (rmIFNγ) was purchased from R&D systems and was prepared according to the manufacturer’s instructions. Thiopropyl-sepharose 6B was purchased from GE healthcare.

[bookmark: _Toc367660451]2.1.2 Buffers
[bookmark: _Toc367660452]2.1.2.1 Phosphate Buffered Saline (PBS), pH 7.3
PBS was produced by the addition of 1 PBS tablet (Thermo Fisher Scientific, USA) per 100 ml of dH2O. PBS contains NaCl (140 mM), Na2HPO4 (8.0 mM), KCl (2.7 mM) and K2H2PO4 (1.5 mM). 500 ml aliquots of PBS were autoclaved at 121 °C for 15 minutes.  
[bookmark: _Toc367660453]2.1.2.2 Red blood cell lysis buffer, pH 7.3
A 10x solution of red blood cell (RBC) lysis buffer was produced by the addition of 89.9 g NH4Cl (1.7 M), 10 g KHCO3 (100 mM) and 2 ml of 0.5 M EDTA to approximately 800 ml dH20. This was subsequently topped up to 1 litre after adjusting the pH. The solution was sterilised by passing through a 0.22 Micron whatman filter.  
[bookmark: _Toc367660454]2.1.2.3 HEPES buffer, pH 7.4 (Liver lysis buffer) 
25 mM HEPES buffer for the lysis of mice hepatocytes was prepared by the addition of NaCl (50 mM), DTPA (1 mM) + 1 % NP-40 substitute. Prior to processing N-ethylmaleimide was added to a final concentration of 100 mM along with a single protease inhibitor cocktail tablet (Roche). 
[bookmark: _Toc367660455]2.1.2.4 50 mM Phosphate buffer + 1 mM DTPA, pH 7.4 
50 mM phosphate buffer for the preparation of GSNO standards was prepared by mixing 3.87 ml of 1 M Na2HPO4 and 1.13 ml of 1 M NaH2PO4. The volume was then adjusted to 100 ml using dH2O and 39.3 mg of DTPA were added to this solution. This was followed by equilibration to pH 7.4. 
[bookmark: _Toc367660456]2.1.2.5 HEN/HENS buffer, pH 8.0
HEN buffer, for use in the biotin switch procedure, contained 100 mM HEPES, 1 mM EDTA, 0.1 mM neocuproine. In order to produce HENS buffer, 1 % SDS was added (w/v). HEN/HENS buffers were subsequently diluted 10-fold with dH20 to produce HEN 10/HENS 10 buffer, respectively.  

[bookmark: _Toc367660457]2.1.2.6 Neutralisation buffer/wash buffer, pH 7.5
Neutralisation buffer for use in the biotin switch procedure was prepared from 25 mM HEPES, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100 in dH20. In order to create wash buffer, 600 mM NaCl was added to neutralisation buffer. 
[bookmark: _Toc367660458]2.1.2.7 Nuclei extraction buffer, pH 7.4
For use in the isolation of J774.2 nuclei contained 320 mM sucrose, 5 mM MgCl2, 10 mM HEPES and 1 % Triton X-100.
[bookmark: _Toc367660459]2.1.2.8 Nuclei wash buffer/staining buffer, pH 7.4
Extracted Nuclei were washed in a buffer containing 320 mM sucrose, 5 mM MgCl2 and 10 mM HEPES. For the staining of nuclei 1 % (v/v) BSA was added.
[bookmark: _Toc367660460]2.1.2.9 Nuclei lysis buffer, pH 7.9
This was used to lyse nuclei for the analysis of p65 activity and contained 20 mM HEPES, 1.5 mM MgCl2, 0.42 M NaCl, 0.2 mM EDTA and 25 % glycerol. 
[bookmark: _Toc367660461]2.1.2.10 Cell lysis buffer (5x), pH 7.4
For the production of lysates for the caspase-3 assay, a 5x solution was made up containing 250 mM HEPES and 25 mM CHAPS.
[bookmark: _Toc367660462] 2.1.2.11 Assay buffer (10x), pH 7.4
In order to carry out caspase-3 assays, a 10x solution was made up containing 200 mM HEPES, 1 % CHAPS and 20 mM EDTA.
[bookmark: _Toc367660463]2.1.2.12 SNO-RAC lysis buffer, pH 7.4
This contained 25 mM HEPES, 0.1 mM EDTA plus 1 % NP-40 substitute, 0.5 mM PMSF and protease inhibitor cocktail as well as 0.2 % Methyl MethaneThioSulfonate (MMTS).
[bookmark: _Toc367660464]2.1.2.13 SDS-PAGE running buffer (10x), pH 8.3 
SDS-PAGE running buffer was prepared at 10x working concentration by dissolving 30.3 g Tris base and 144.1 g of glycine into 1 L dH20. 
[bookmark: _Toc367660465]2.1.2.14 Reducing SDS-PAGE sample buffer (2x)
100 ml of reducing buffer was produced at a 2x working concentration by dissolving 1.52 g Tris base, 4.6 g SDS, 2 ml glycerol and a small amount of bromophenol blue in 88 ml of dH2O. 10 ml of β-mercaptoethanol was then added. 
[bookmark: _Toc367660466]2.1.2.15 Western blot transfer buffer
To produce 1 L, 100 ml 10x SDS-PAGE running buffer was added to 200 ml of methanol and 700 ml of dH20. 
[bookmark: _Toc367660467]2.1.3 Solutions
[bookmark: _Toc367660468]2.1.3.1 12 % resolving gel mixture
This was produced by mixing 4 ml of 30 % (w/v) acrylamide stock solution; 2.5 ml Tris buffer (1.5 M) pH 8.8, 100 μl of a 10 % SDS solution and 3.3 ml H2O. Immediately before pouring, 100 μl of a 10 % Ammonium Persulphate (APS) solution and 10 μl N,N,N’,N’-TetraMethylEthyleneDiamine (TEMED) were added. 
[bookmark: _Toc367660469]2.1.3.2 5 % stacking gel mixture
This was produced by mixing 0.83 ml of the stock acrylamide, 0.63 ml Tris buffer (1.0 M) pH 6.8, 50 μl of 10 % SDS solution and 3.4 ml dH2O. Immediately before pouring, 50 μl of 10 % APS solution and 5 μl TEMED were added.
[bookmark: _Toc367660470]2.1.3.3 Antifoaming agent FG-10
A working concentration of antifoaming agent was produced by diluting the concentrate 30x with dH2O.  
[bookmark: _Toc367660471]2.1.3.4 100 mM Sulphanilamide in 2N HCl
This was produced by the addition of 1.722 g of sulphanilamide to 100 ml of 2N HCl and was stored at 4°C.
[bookmark: _Toc367660472]2.1.3.5 50 mM Mercury Chloride (HgCl2)
This was produced by dissolving 1.358 g of HgCl2 into 100 ml of dH2O and stored at RT.
[bookmark: _Toc367660473]2.1.3.6 Preparation of tri-iodide (I3-) reaction mixture
I3- reaction mixture for use in ozone-based chemiluminescence was prepared by the addition of 525 mg KI, 336 mg I2 to 21 ml of dH2O and 73.5 ml glacial acetic acid. This was placed in a light protected conical flask on a magnetic stirrer for at least 15 minutes, or until a dark brown colour was evolved, indicating the I2 had completely dissolved. The I3- reaction mixture was stored at RT, in the dark for 24 h, with no loss of reactivity.  
[bookmark: _Toc367660474]2.2 Bacterial culture techniques
[bookmark: _Toc367660475]2.2.1 Growth media
[bookmark: _Toc367660476]2.2.1.1 Columbia Blood Agar (CBA)
Columbia agar supplemented with horse blood was supplied by Oxoid.
[bookmark: _Toc367660477]2.2.1.2 GC agar
GC agar was produced in-house by autoclaving 10.8 g of GC agar base (Oxoid) in 300 ml dH2O at 121 °C for 15 minutes. Agar was allowed to cool then supplemented with 1 % (v/v) Vitox supplement (Oxoid). Where applicable, GC agar was also supplemented with a 50 mg ml-1 stock of spectinomycin (Sigma-Aldrich) to a final concentration of 50 μg ml-1 or a stock of 25 mg ml-1 tetracycline to a final concentration of 2.5 µg ml-1. 
[bookmark: _Toc367660478]2.2.1.3 Mueller Hinton Broth (MHB)
MHB was produced in-house by mixing 10.5 g of MHB powder (Thermo Fisher Scientific) in 500 ml dH2O, this was autoclaved for 15 minutes at 121 °C.

[bookmark: _Toc367660479]2.2.2 Maintenance and growth of bacterial strains
The serogroup B N.meningitidis strain, MC58 was originally isolated from a patient suffering from meningococcal meningitis (McGuinness et al., 1991). Full genome sequence information is available for this strain (Tettelin et al., 2000). The mutant derivatives of MC58; ΔaniA, ΔnorB and ΔnsrR contain insertionally inactivated versions of the aniA, norB and nsrR genes (NMB1623, NMB1622 and NMB0437 respectively). Bacterial strains used in this work are listed in table 2.1.


	[bookmark: _Toc367547366]N.meningitidis strain: 
	Relevant genotype
	Source/Ref:

	
MC58
ΔnorB
	
Wild-type
norB : : SpecR
	
McGuiness et al. (1991)
Anjum et al. (2002)

	ΔaniA
	aniA : : SpecR
	Jay R Laver

	ΔnsrR
	nsrR : : SpecR 
	Rock et al. (2007)

	ΔnsrR
ΔnsrR/ΔaniA
	nsrR : : TetR
nsrR/aniA : : TetR/SpecR
	James Moir
James Moir

	
	
	


Table 2.1 Bacterial strains utilised during this work

[bookmark: _Toc367660480]2.2.2.1 Propagation of viable Neisseria meningitidis
Viable bacteria were maintained as a frozen stock in cryopreservation fluid (ProtectTM, TSC) at -80 °C. Sterile loops were used to streak out aliquots of frozen bacteria onto solid GC agar, supplemented where applicable with the appropriate antibiotic. Plates were incubated overnight at 37 °C, 5 % CO2 to give rise to colonies of bacteria, with each colony assumed to have formed from a single viable bacterium. Strains were streaked on to fresh plates daily with no less than three colonies from previous plates being pooled and transferred to avoid concerns of phase variability associated with surface structures of Neisseria.
[bookmark: _Toc367660481]2.2.2.2 Broth culture of Neisseria meningitidis 
Bacterial strains were cultured in MHB supplemented where necessary with the appropriate antibiotic. At least three bacterial colonies were taken from fresh overnight plates and inoculated into 10 ml MHB in 25 ml universal tubes. These cultures were then incubated at 37 °C, 5 % CO2 with constant agitation until an absorbance of ~0.25 at OD600nm was reached, representing log-phase bacterial growth.  
[bookmark: _Toc367660482]2.2.3 Experimental handling of bacterial strains
[bookmark: _Toc367660483]2.2.3.1 Counting viable bacteria from cultures, plasma and cell lysates
To give an estimation of viable bacteria in cultures or supernatants a tenfold serial dilution was performed according to the methods of Miles and Misra (Miles et al., 1938). Briefly, triplicate 10 μl aliquots of each dilution were spotted onto CBA, trying to avoid merger of spots. These dilutions were then allowed to air-dry in a microbiological safety cabinet before being incubated overnight at 37 °C, 5 % CO2. The mean number of bacteria in each dilution was calculated as the mean number of colonies from triplicate spots, corrected for volume and dilution factor. The means of countable dilutions were then averaged, to estimate the number of bacteria present in the original bacterial suspension. 
[bookmark: _Toc367660484]2.2.3.2 Calculation of bacterial numbers for experimental infection
The average number of viable Neisseria meningitidis per ml of culture was calculated using viable counts from triplicate cultures with an OD600nm = 0.25, to be: Wild type = 2.04 x 108 cfu ml-1; norB = 3.33 x 108 cfu ml-1. For experiments where a defined number of Neisseria were required calculations were performed using these values to give the volume of log phase culture that contained approximately the required number of bacteria. Viable counts were performed on all the bacteria-containing media used for inoculation etc.
[bookmark: _Toc367660485]2.2.3.3 Preparing N. meningitidis for infection of cells and cell lines   
Prior to infection, an aliquot of log phase culture calculated to contain roughly the required number of bacteria was placed in a sterile microcentrifuge tube and centrifuged at 15, 000 g for 5 minutes. The supernatant was discarded and the pellet washed once in PBS. The bacteria were then resuspended in an appropriate volume of cell culture medium containing any other relevant reagents to produce a suspension containing enough bacteria to give the desired Mulitiplicity of Infection (MOI). To produce heat-killed wt control, resuspended bacteria were incubated for 20 minutes at 80 °C. The actual number of viable bacteria was calculated by serial tenfold dilution following by viable count plating (section 2.2.3.1).  
[bookmark: _Toc367660486]2.3 Cell culture techniques
[bookmark: _Toc367660487]2.3.1 Cell culture media
[bookmark: _Toc367660488]2.3.1.1 RPMI 1640
RPMI 1640 medium was purchased from Lonza, Verviers, Belgium and supplemented with 2 % L-glutamine. 
[bookmark: _Toc367660489]2.3.1.2 Dulbecco’s Modified Eagle’s Medium, (DMEM)
DMEM with 4,500 mg L-1 glucose, + 2 % L-glutamine without pyruvate was purchased from Lonza, Verviers, Belgium. 
[bookmark: _Toc367660490]2.3.1.3 Heat-Inactivated Foetal Calf Serum, (HI-FCS)
HI-FCS was purchased from Lonza, Verviers, Belgium.

[bookmark: _Toc367660491]2.3.2 Isolation, culture and maturation of primary human macrophages
Whole blood was collected from consenting, anonymous donors into heparinised tubes. The peripheral blood mononuclear cells were isolated by gently layering the blood on top of 12.5 ml Ficoll-Paque in a 50 ml tube, then centrifuging at 500 g for 20 minutes in a Falcon 6/300 centrifuge using slow acceleration and no braking during deceleration. Leukocytes were isolated from the flocular layer at the plasma/Ficoll-Paque interface, which were pooled and then centrifuged for 10 minutes at 225 g. The supernatants were discarded and the leukocytes were washed twice in sterile PBS. Leukocytes were resuspended in RPMI 1640 supplemented with 10 % HI-FCS to give 1 x 106 monocytes ml-1, as determined via counting using a haemocytometer. Monocytes were seeded onto 12 mm diameter glass coverslips in 24-well culture plates at 1 x 106 cells well. After 24 h at 37 °C, 5 % CO2 wells were washed with fresh RPMI 1640 to remove any non-adherent cells (including contaminants such as erythrocytes, lymphocytes and neutrophils etc). The remaining adherent monocytes were subsequently incubated in 2 ml of RPMI 1640 + 10% HI-FCS. The media was replaced every 3 days over the course of a 12 day period as the monocytes matured into monocyte-derived macrophages. 

[bookmark: _Toc367660492]2.3.3 Culture of the murine macrophage cell line: J774.2   
The J774.2 (ECACC No: 85011428) mouse [BALB/c] tumour monocyte-macrophage cell line was maintained as either monolayers in T-75 tissue culture flasks, or in suspensions between 3 and 9 x 105 cells ml-1 in DMEM plus 10 % HI-FCS at 37 °C, 5 % CO2. In order to perform experiments, cells were seeded at an appropriate concentration in relevant tissue culture apparatus. This was carried out by centrifuging J774.2 cell suspensions at 255 g and discarding the supernatant, before resuspending the pellet in 10 ml of fresh DMEM + 10 % HI-FCS. 10 μl of this suspension was then placed on a haemocytometer and counted to calculate the number of cells ml-1. For use in measurement of caspase-3 activity and cell death, cells were seeded at 1 x 106 ml-1 in 6 well plates. For the preparation of nuclear extracts used to measure p65 activity, cells were seeded at 1 x 106 ml-1 in T-25 tissue culture flasks. For direct visualisation of SNO-protein using the SNO-RAC technique and for preparation of nuclear lysates to measure GAPDH nuclear translocation, cells were seeded in T-75 tissue culture vessels at 1 x 106 cells ml-1. All cells were incubated for 24 h at 37 °C, 5 % CO2 before being used. 

[bookmark: _Toc367660493]2.3.4 Production of cellular lysates
[bookmark: _Toc367660494]2.3.4.1 Preparation of cell lysates for use in caspase-3 assays
At the required time post activation, cells were resuspended into the media using a cell scraper. Cells were then centrifuged at 500 g for 5 minutes, before being washed in 1 ml sterile PBS and centrifuged again at 500 g for 5 minutes. Cells were subsequently lysed in 50 μl lysis buffer (section 2.1.2.2) on ice for 15 minutes before being spun at 16, 000 g for 10 minutes to remove any debris. The supernatants were subsequently frozen at -80 °C overnight. 
[bookmark: _Toc367660495]2.3.4.2 Isolation of cellular nuclei
Individual nuclei were isolated from cells using the following protocol. Media was removed from the flasks and replaced with 10 ml of cold PBS. Cells were then gently scraped into the PBS and centrifuged at 500 g. The supernatant was discarded and the pelleted cells were subsequently resuspended in cold nuclei extraction buffer (section 2.1.2.7) at approximately 1 ml per million cells. The cells were gently vortexed for 10 seconds and incubated on ice for 10 minutes. Nuclei were then pelleted at 2000 g and washed twice with nuclei wash buffer (section 2.1.2.8). Nuclei yield and integrity were confirmed by microscopic examination after staining with trypan blue. 
[bookmark: _Toc367660496]2.3.4.3 Preparation of nuclear extracts 
For p65 transcription factor activity assays, once isolated, nuclei were subsequently lysed by resuspension in nuclei lysis buffer (section 2.1.2.9) and incubation at RT for 30 minutes. The suspensions were then centrifuged at 16, 000 g for 5 minutes. The supernatant was removed and placed in a fresh, light-protected microcentrifuge tube to prevent light mediated degradation of S‑nitrosylated proteins. These were then immediately frozen and stored at ‑80 °C. 

[bookmark: _Toc367660497]






2.4 In vivo mouse work
[bookmark: _Toc367660498]2.4.1 Preparation of inocula for C57Bl/6 mice
The lipopolysaccharide (LPS) from E. coli (serogroup 026:B6, Sigma-Aldrich) used in these experiments was lot number 116K4171 (1,000,000 EU mg-1) and prepared in sterile, endotoxin-free phosphate buffered saline. rmIFNγ (4,215,000 U ml-1) was also prepared in this way. Where appropriate, mid log phase Neisseria meningitidis were pelleted (section 2.2.3.2), washed in 1 ml sterile PBS and finally resuspended into the appropriate volume of ‘injectable media’, in the case of any inoculum containing both LPS and bacteria this refers to a sterile solution of 2.5 mg ml-1 LPS in PBS. For PBS and wild type only samples, this refers to sterile, endotoxin-free PBS. 

[bookmark: _Toc367660499]2.4.2 Inoculation of C57Bl/6 mice
Female C57Bl/6 mice aged 7-10 weeks were purchased from HARLAN UK and housed at the University of Sheffield Biological Services Unit. Mice were kept on a 12 h light/dark cycle and had access to standard laboratory rodent feed and water ad libitum. All mice were acclimatised for at least one week prior to procedure. Immediately prior to injection, mice were weighed to determine the volume of ‘injectable media’ required to provide the appropriate dose of LPS (endotoxin units, EU). Injectable media was prepared so that 1 unit volume (10 μl) contained the desired amount of LPS per gram (i.e.: A 17 g mouse dosed at 25, 000 EU g-1 would be injected with 17 units (170 μl) of injectable media containing 25, 000 EU/unit). Mice were injected intraperitoneally (i/p) with the appropriate injectable media at t = 0 and monitored throughout experiments for signs of suffering exceeding the severity limits relevant to a particular protocol. The severity score of each individual mouse was determined by a cumulative score based upon clinical presentation in a number of parameters (table 2.2). When severity limits were exceeded (cumulative severity score >25), the experiments were terminated and animals euthanized in accordance with schedule 1. 
[bookmark: _Toc367660500]2.4.3 Tissue harvesting from C57Bl/6 mice
At the appropriate experimental time point or following the exceeding of severity limits, mice were terminally anaesthetised with a 5 unit i/p injection of 200 mM sodium pentobarbital. Mid plane anaesthesia was determined to have been induced following loss of the pedal-withdrawal reflex, at which point the abdominal cavity and thorax were opened for exsanguination by cardiac puncture, to avoid contaminating samples with peritoneal bacteria. Exsanguination was performed using a heparinised syringe (~5 units of heparin per syringe) and whole blood transferred to 1.5 ml microcentrifuge tubes. This was followed by excision of whole organs and transferral into light-protected, 1.5 ml microcentrifuge tubes prior to processing. 

[bookmark: _Toc367660501]2.4.4 Preparation of plasma from C57Bl/6 mouse blood
Septicaemia was confirmed by positive culture of viable Neisseria meningitidis from whole blood (section 2.2.3.1). Plasma was then prepared by centrifuging whole blood at 16, 000 g, 4 °C for 5 minutes, the volume of the supernatant was recorded and diluted 2 fold in 50 mM phosphate buffer + 1 mM DTPA pH 7.4 + 100 mM NEM. This was then prepared for analysis of S-nitrosothiol (section 2.5).  

[bookmark: _Toc367660502]2.4.5 Preparation of cell lysates from C57Bl/6 mice liver, spleen and kidneys
All organs were weighed before processing. Livers were washed by immersion in 25 ml, 0.25 % sodium taurocholate in sterile PBS for 30 seconds, followed by duplicate washing in 25 ml sterile PBS. Resected tissue was manually homogenised through a 70 μM cell sieve into 5 ml PBS + 1 % HI-FCS. Homogenates were centrifuged at 500 g for 5 minutes, before being resuspended into 10 ml of 1 x RBC lysis buffer for exactly 5 min at room temperature. Cells were washed twice using 5 ml PBS + 1 mM DTPA. This final suspension was split into a 1 ml and 4 ml fraction, both of which were centrifuged at 500 g for 5 min. The 1 ml pellet was then resuspended in 250 μl saponin and incubated at 37 °C, 5 % CO2 for 15 minutes to release intracellular contents. This saponised cell suspension was used to check viable bacterial counts (section 2.2.3.1). The 4 ml fraction was resuspended in 1.6 ml of liver lysis buffer (section 2.1.2.2) containing PMSF at a final concentration of 0.5 mM. This was incubated at 37 °C, 5 % CO2 for 15 minutes. The liver lysate was then centrifuged for 5 minutes at 16, 000 g, 4 °C to remove any cell debris. A 30 μl aliquot of the supernatant was taken and frozen at -20 °C for subsequent measurement of the protein concentration. The remaining supernatant was snap frozen in liquid nitrogen. The next day these samples were defrosted before being diluted two-fold in remaining liver lysis buffer and incubated at 37 °C, 5 % CO2 for 15 minutes. These were then prepared for measurement of SNO (section 2.5). 
















[bookmark: _Toc367547367]Table 2.2: Severity assessment score
	Score
	Appearance
	Activity (without stimulation)
	Response to stimulation
	Respiration
	Response to handling
	Behaviour in new setting

	1
	Normal
	Normal
	Normal
	Normal
	Normal
	Normal

	2
	Partial piloerection
	Slightly Subdued
	
	
	
	

	3
	Partial piloerection, slightly hunched
	Subdued
	Slightly subdued
	Slightly altered
	Slightly docile
	Curious but subdued

	4
	Marked piloerection, Hunched
	Markedly subdued
	Markedly subdued
	Markedly altered
	Docile
	Lack of curiosity


	5
	Marked piloerection, Markedly Hunched
	Immobile
	No response
	Labored
	Impaired righting response
	Immobile



Guidelines for overall severity assessment:
Cumulative score 6 = Normal
Cumulative score 7-8 = Mild
Cumulative score 9-18 = Moderate
Cumulative score 19-24 = Substantial (Observation frequency increased)
Cumulative Score 25-30 = Substantial (Mice culled)
As the severity scores increased, the frequency of observations was also increased. Mice had to be immediately culled when severity score of 5 was reached in any single category. Severity score adapted from (Khan et al., 2002). 
[bookmark: _Toc367660503]2.5 Analysis of S-nitrosothiol concentrations
[bookmark: _Toc367660504]2.5.1 Preparation and use of small molecular weight S‑nitrosothiol 
[bookmark: _Toc367660505]2.5.1.1 Synthesis of S-nitrosocysteine, (CysNO)
L-Cysteine and NaNO2 were dissolved in dH2O + 1 mM DTPA at a concentration of 24.2 mg ml-1 and 14.49 mg ml-1, respectively. 	
250 μl of each were combined in a fresh, clean microcentrifuge tube along with 50 μl of 1N HCl. The reaction was incubated at RT for 10 minutes in the dark before 50 μl of 1 N NaOH was added to neutralise the solution. The concentration of CysNO was determined by measurement of a 100x dilution at OD334nm, given CysNO has an extinction coefficient of ε = 0.9 mM-1 (when A = εcl; where A = OD334nm, c = 100 mM and l = 1). 
[bookmark: _Toc367660506]2.5.1.2 Synthesis of S-nitrosoglutathione, (GSNO)
Previously prepared GSNO were stored in small quantities in light protected microfuge tubes at -80 °C (Laver et al., 2008). GSNO has an extinction coefficient of 0.77 mM-1 at OD336nm.
[bookmark: _Toc367660507]2.5.1.3 Preparing and using GSNO solutions of a known concentration for calibration
Small aliquots of GSNO (section 2.5.1.2), typically 1-5 mg, were weighed out in a pre-weighed, clean, dry microcentrifuge tube and dissolved by vortexing in a volume of 50 mM phosphate buffer + 1 mM DTPA (hereafter referred to as PB-DTPA), sufficient to produce a ~100 mM solution (GSNO MW: 336.32). Accurate determination of the GSNO concentration was achieved using spectrophotometry. A spectrophotometer was blanked at OD336nm using 1 ml of PB-DTPA in a quartz cuvette (Shimadzu Europa UK). GSNO stock solution was diluted 100 fold in ice cold PB-DTPA, transferred to the quartz cuvette and its absorbance measured at OD336nm. The concentration of GSNO in mM was calculated by dividing its absorbance by 0.77; which is the absorbance given by a 1 mM solution of GSNO. Dilutions were then carried out to give 2 and 1 μM solutions. After pre-treatment of these dilutions with 10 % (v/v) of 100 mM sulphanilamide in HCl (section 2.1.3.4), different volumes of the two concentrations were then injected into the purge vessel connected to the Nitric Oxide Analyzer (NOA) to construct an S-nitrosothiol calibration curve. Due to the photosensitivity of the S-nitrosothiol bond, all solutions of GSNO were stored on ice and in the dark. Fresh GSNO stock solutions were produced at the start of each experiment, along with a fresh calibration curve and discarded following completion.

[bookmark: _Toc367660508]2.5.2 Ozone-Based Chemiluminescence, (OBC)
All measurements of nitrogen oxides (NOx) including S-nitrosothiols, were performed using a Sievers NOA 280i (Sievers, Boulder, CA). In all instances where the NOA was utilised the following procedures and parameters were identical: Oxygen was supplied to the NOA at a pressure of 1 bar. N2 gas was bubbled through the reducing agent at a pressure of 1 bar to remove NO from the purging vessel. Cold water was run through the condenser. The pressure inside the closed purging vessel was adjusted daily to match that of current atmospheric pressure. In order to establish a low baseline signal prior to any injections, the apparatus was set up and allowed to run for at least 15 minutes. After every experiment, the purging vessel and condenser were rinsed thoroughly and then filled with dH2O for storage between experiments. 
[bookmark: _Toc367660509]2.5.2.1 Preparation of liquid samples for I3- - dependent, ozone-based chemiluminescence 
Standards and samples were pre-treated with 10% (v/v) 100 mM sulphanilamide in 2 N HCl (section 2.1.3.4) to complex free NO2- through the formation of a diazonium compound that does not yield NO upon reduction in the purge vessel. This reaction took place on ice and in the dark for 10 minutes immediately prior to injection of the sample into the purging vessel. In cell lysates where other nitro- or nitroso-compounds were present the S-nitrosothiol signal was removed by initial treatment of 90 μl aliquots of sample with 10 μl of a 50 mM HgCl2 solution (section 2.1.3.5), followed by incubation on ice and in the dark for 10 minutes. Subsequently, the treatment with 10% (v/v) 100 mM sulphanilamide in 2 N HCl was carried out (11.1 μl), allowing 10 minutes on ice in the dark to remove the liberated NO2-.
[bookmark: _Toc367660510]2.5.2.2 Injection of samples into the purging vessel
Samples were injected into the purge vessel using a gas-tight, glass microsyringe (Analytix, UK). The volume of the injection varied depending on the availability of the sample, however this was generally between 80-100 μl, and all subsequent analysis of S-nitrosothiol concentration was adjusted to factor in the volume injected. A 10 μl headspace of air was taken into the microsyringe before taking up liquids for injection, in order to ensure that all the liquid was ejected from the syringe. Liquids were injected directly into the reducing agent as a bolus in a single fluid motion. Volume-permitting, duplicate injections were carried out and injections observed to have hit the side of the purging vessel before entering the reducing agent were repeated. Between injections, microsyringes were washed out twice with dH2O. In order to avoid cross-contamination or accidental dilution, the needle of the microsyringe was carefully dried before taking up new liquid for injection.
[bookmark: _Toc367660511] 2.5.2.3 Measurement of S-nitrosothiol concentration in liquid samples
4 ml of I3- solution (section 2.1.3.6) along with 100 μl, 1x antifoaming agent was added to the purge vessel. The acid vapour trap contained 15 ml fresh NaOH; and was connected to the gas-impermeable output tubing from the purge vessel and condenser. The input line of the NOA was connected to the top of the acid vapour trap. The purging vessel was warmed to 30 °C using the integrated water jacket and re-circulating water-bath. Standards and samples were stored on ice, in the dark between injections. After each set of injections (including standard) the I3- solution was changed, to minimise the extent of foam formation. Calculation of S-nitrosothiol concentration in each injection was performed using the Origin 8.0 software with reference to a GSNO standard curve (section 2.4.1.3). The S-nitrosothiol concentration of each Hg2+ treated sample was manually corrected by a factor of 1.1, to account for the extra 10 % dilution of the sample with 50 mM HgCl2. 
[bookmark: _Toc367660512]2.5.2.4 Using Origin 8.0 software
The LIQUID programme used to initially gather data automatically plotted the intensity of signal (in mV), which was proportional to the amount of NO released from the injected sample, against time. Origin 8.0 uses an adjacent averaging algorithm to smooth out the spikes generated by LIQUID, this allowed the amount of NOx in a given injection to be calculated by integrating the area under the peaks produced. GSNO standards of known concentration were used to generate standard curves (section 2.4.1.3). The area under the curve, calculated from averaging duplicate injection samples, was compared to these standard curves to determine the amount of NOx present. The concentration of SNO present was then calculated using the volume of each injection. Hg2+ treated, SNO-free samples were subtracted from sulphanilamide only-treated sampled to give the original SNO content. Where applicable, this value was normalised to the protein concentration of the sample, to give SNO concentrations in pmol SNO/mg protein.   

[bookmark: _Toc367660513]2.5.3 Isolation and analysis of individual S-nitrosylated proteins
[bookmark: _Toc367660514]2.5.3.1 Pre-hydrating SNO-RAC resin
Thiopropyl-sepharose resin (section 2.1.1.7) was prepared fresh on the day of each experiment: typically 100 – 200 mg of dry resin was transferred to a microcentrifuge tube and 1 ml of milliQ water was added to hydrate the resin and wash out remaining impurities from synthesis. The resin was then agitated for 15 minutes to prevent the beads from settling out. The suspension was then centrifuged at 100 g for 30 seconds, and the water discarded. This process was then repeated 3x using HEN buffer to equilibrate the resin.
[bookmark: _Toc367660515]2.5.3.2 S-nitrosothiol Resin Assisted Capture (SNO-RAC)
Cells were lysed in 12 ml of compatible lysis buffer (section 2.1.2.12) on ice in the dark for 10 minutes, these were vortexed regularly. Proteins were precipitated from solution using 36 ml, -20 °C acetone, these were vortexted and transferred to -20 °C freezer for 20 minutes. Proteins were then pelleted by centrifugation at 5000 g for 10 minutes at 4 °C and the acetone was discarded. The protein pellet was then washed in 4 x 5 ml of -20 °C, 70 % acetone, taking care not to disturb the pellet and making sure excess liquid was immediately drained off. The protein pellet was then resuspended in 2 ml of HEN buffer + 2.5 % SDS + 0.2 % MMTS. This suspension was incubated at 50 °C or 20 minutes, vortexing every 5 minutes. The proteins were subsequently precipitated again using 3 volumes of -20 °C acetone followed by centrifugation at 5000 g for 10 minutes at 4 °C. The supernatant was discarded and the washing carried out as stated previously. The protein pellet was resuspended in 1 ml HENS buffer (HEN + 1 % SDS) and then the precipitation and washing was carried out for a final time before the final resuspension in 900 µl HENS buffer (section 2.2.1.4). At this point a BCA protein assay was carried out (section 2.5.3) to normalise the SNO-RAC inputs. An aliquot of input protein was taken from each sample. To perform the SNO-RAC ~400 µl of protein solution (normalised between groups for protein) was transferred to a fresh microfuge tube along with 50 µl of a 50 % hydrated resin solution and 30 mM ascorbate (an ascorbate minus samples was always included as  a procedural control). This was incubated at RT for 4 h. The tubes were then centrifuged to collect the resin. The supernatant was carefully aspirated using a fine gauge needle and the resin was washed 4x with HENS buffer, followed by a further 2x with HENS/10 buffer. The last remnants of fluid were carefully aspirated off and the resin was frozen at -80 °C overnight. Proteins were eluted from the beads by incubating with ~70 µl of HENS/10 + 100 mM β-mercaptoethanol for 20 minutes at RT.  
[bookmark: _Toc367660516]2.5.3.3 Biotin switch assay
The biotin switch assay, originally described by Jaffrey et al (Jaffrey and Snyder, 2001), was carried out exactly as stated above up until the initial resuspension in HENS buffer. At this point, the protein was resuspended in 0.24 ml HENS buffer and transferred to a fresh 1.7 ml microfuge tube containing 30 μl Biotin-HPDP (2.5 mg/ml). 30 μl of 200 mM sodium ascorbate was then added and samples were rotated in the dark for 1 h. Three times 0.9 ml of cold acetone was added to each sample and precipitation carried out for 20 minutes at -20 °C.  The precipitate was collected by centrifugation at 5000 g for 5 minutes. The supernatant was removed by aspiration and the pellet gently washed with 4x 1 ml of 70 % acetone. This was then resuspended in 0.25 ml HENS/10 buffer and 0.75 ml of neutralisation buffer was added. At this point a small aliquot was removed for analysis of protein input. The remaining material was transferred to a fresh 1.7 ml microfuge tube containing prewashed avidin-affinity resin, and the samples were gently rotated for 12 - 28 h, at 4 °C. These avidin beads were collected by centrifugation at 200 g for 10 seconds in a swinging-bucket rotor, and subsequently washed with 4x 1 ml wash buffer. Post washing, the beads were fully dried by careful aspiration with 28-gauge needle. Finally 30 - 50 μl of elution buffer was added to each sample and the proteins were eluted at room temperature with frequent agitation, followed by centrifugation at 5000 g for 30 seconds. The supernatant was collected using a 28 gauge needle, taking great care not to disturb the pelleted resin and mixed with 6x Laemmli loading buffer. 

[bookmark: _Toc367660517]2.6 Biochemical techniques
[bookmark: _Toc367660518]2.6.1 Sodium Dodecyl-Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
0.75 mm glass plates from the Bio Rad PROTEAN® III electrophoresis kit were secured into an electrophoresis cassette and a 12 % resolving gel mixture (section 2.1.3.1) was poured in between the plates using a pasteur pipette. About an inch of space was left for the stacking gel. 200 μl of methanol was carefully placed on the SDS-PAGE surface to occlude oxygen, the presence of which interferes with the polymerisation chemistry of polyacrylamide. The methanol was subsequently removed once polymerisation had occurred. A 5 % stacking gel mixture (section 2.1.3.2) was transferred on top of the resolving gel using a clean Pasteur pipette and a ten-fingered comb carefully inserted into the stacking gel mixture to create wells. Polymerisation was complete after ~30 minutes at room temperature. The cassette was transferred to a gel tank and 1x SDS-PAGE running buffer added. Samples were boiled for 2 minutes in 1x reducing SDS-PAGE sample buffer before being loaded into the appropriate wells. Pre-stained molecular weight markers were included in a separate well. A 150 V electric current was then passed through the completed cell for about 90 minutes, or until the low molecular weight markers had reached the bottom of the gel.  

[bookmark: _Toc367660519]2.6.2 Electrophoretic protein transfer
Once removed from electrophoresis cassettes, the stacking gel was discarded and the resolving gel transferred to transfer blotting buffer for 15 minutes. Appropriately sized PVDF membrane was immersed in methanol for 1 minute and transferred to transfer blotting buffer (section 2.1.2.13) for 5 minutes. Thick blotting paper was soaked in transfer blotting buffer and used to sandwich the membrane and gel in the transfer cassette (Bio Rad). The cassette was placed inside the tank and this was filled with transfer buffer up to the indicated point. The lid was put on and the apparatus run for 60 minutes at ~70 V (limited to 0.4 amps). 

[bookmark: _Toc367660520]2.6.3 Determination of protein concentration 
Protein concentration of cell lysates were determined using either a BCA protein assay kit (Pierce) or, in the case of interference due to assay components, an RC DC protein assay kit (Bio Rad) according to the manufacturer’s instructions for Microfuge Tube Assay Protocol (1.5 ml). Protein concentrations were calculated by comparison to a BSA standard curve, ranging from 1.5 mg ml-1 to 0 mg ml-1, these were always prepared in the same buffer as the sample. Colour change was measured by an increase in OD750nm.  



[bookmark: _Toc367660521]2.7 Immunological techniques
[bookmark: _Toc367660522]2.7.1 Antibodies
All antibodies in this work are listed in table 2.3. Details of their dilution factor and use are provided within the text.

[bookmark: _Toc367547368]Table 2.3 Antibodies utilised during this work 

	Antibody:
	Species:
	Source:

	
Anti-p65 IgG
Anti-rabbit IgG-HRP conjugate
	
Rabbit
Goat
	
Abcam
Vector Laboratories

	Anti-GAPDH IgG1
	Mouse
	Millipore

	Anti-mouse IgG-HRP conjugate
	Goat

	Abcam


	Isotype control IgG
	Mouse
	Millipore




[bookmark: _Toc367660523]2.7.1.2 Antibody conjugation
The anti-GAPDH antibody and isotype control IgG were conjugated to the fluorochrome Allophycocyanin (APC) using a lightning-linkTM APC-XL Conjugation Kit, purchased from Innova Biosciences. This was carried out according to the manufacturer’s instructions to create a stock at 1 mg ml-1.


[bookmark: _Toc367660524]2.7.2 Immunoblotting
[bookmark: _Toc367660525]2.7.2.1 Immunological detection of specific proteins
Following electrophoretic transfer, the PVDF membranes were blocked by immersion in PBS + 5 % semi-skimmed milk powder + 0.05 % Tween-20  (MPBS) for ~30 minutes at RT. Membranes were then probed with a dilution of antibody specific to the protein of interest (primary antibody) using MPBS as the diluent in a 25 ml universal and rolled overnight at 4 °C. The membrane was then removed and washed twice in PBS containing 0.05 % Tween-20 (PBS-T) for 10 minutes, to remove non-specifically bound antibody. Membranes were subsequently rolled in MPBS containing antibody specific to the species and isotype of the primary antibody, conjugated to horseradish peroxidise (HRP) (secondary antibody). Membranes were subsequently washed 3x for 10 minutes each in PBS-T, followed by a single 5 minute wash in PBS only. 
[bookmark: _Toc367660526]2.7.2.2 Photographic development of western blots
Blots were developed by adding together equal volumes of the enhanced chemiluminescence reagents (1:1 ratio), which produce light following the breakdown of the peroxide component by HRP. Mixed reagent was incubated on the membrane for 1 minute. The membrane was then placed between transparent sheets and excess reagent was removed. This was positioned in a development cassette under dark-room conditions with photographic film (Hyperfilm, Amersham Biosciences) for ~1 minute. The film was then removed from the cassette and developed and fixed using Kodak developer and fixative. 

[bookmark: _Toc367660527]2.7.3 Enzyme-Linked Immunosorbent Assay, (ELISA)
[bookmark: _Toc367660528]2.7.3.1 NFκB (p65) transcription factor ELISA
The p65 Transcription Factor ELISA kit was purchased from Cayman chemical, and was performed according to the manufacturer’s instructions. The absorbance of each well was read at OD450nm using an ELx808 Ultra microplate reader (Bio-Tek Instruments Inc.) within 5 minutes of stopping signal development.  
[bookmark: _Toc367660529]2.7.3.2 NFκB (p65) total sandwich ELISA 
The p65 Total ELISA kit was purchased from Invitrogen Life Technologies and was performed according to the manufacturer’s instructions. Briefly, the wells of a 96 well plate were coated with a capture antibody specific for p65. Samples along with a known concentration of recombinant NFκB, to act as a standard, were pipetted into the wells. Following sufficient washing, a detection antibody specific for p65 was then added to the wells. After washing, a horseradish peroxidase labeled IgG specific for the detection antibody was added. After incubation and further washing, a substrate solution for horseradish peroxidase was added. The intensity of the colour produced by the reaction is directly proportional to the concentration of NFκB p65 (total) present in the original specimen and the optical density was read on a microplate reader at OD450nm. 

[bookmark: _Toc367660530]2.7.4 Immunoprecipitation of acetyl-lysine containing proteins
Acetyl-lysine containing proteins were extracted using anti acetyl-lysine antibody clone 4G12 agarose conjugate, purchased from MilliporeTM, as described in the manufacturer’s instructions. Briefly, 50 µl of agarose conjugate was added to 500 µg of cell lysate and the reaction mixture was gently agitated for 5 h at 4 °C. Agarose beads were then collected by pulsing for 5 seconds in a microcentrifuge at 14, 000 g. The supernatant was removed and the beads were washed 3x in ice-cold PBS + 0.5 M NaCl and 0.5 % NP-40. The agarose beads were subsequently resuspended in 25 µl Laemmli sample buffer and boiled for 5 minutes. The beads were then collected by microcentrifugation and the supernatant subjected to SDS-PAGE (section 2.6.1) followed by immunoblot analysis (section 2.7.2). 


[bookmark: _Toc367660531]2.8 Caspase-3 assays
[bookmark: _Toc367660532]2.8.1 Caspase-3 kit
Caspase-3 assay reagents including Ac-DEVD-pNA substrate and Ac-DEVD-CHO inhibitor were purchased from Sigma-Aldrich.

[bookmark: _Toc367660533]2.8.2 Artificial activation of caspase-3 
Apoptosis was induced by addition of 2 μM staurosporine. Uninduced cells were used as a control for all experiments. 

[bookmark: _Toc367660534]2.8.3 Caspase-3 assays
Caspase-3 assays were carried out according to the manufacturer’s instructions. Briefly, 5 µl of cell lysate (section 2.3.5.1) were placed in the appropriate wells of a 96 well plate and 1x assay buffer (section 2.1.2.11) added in the appropriate volume (table 2.4). The caspase-3 inhibitor was included where appropriate (at 200 µM) as a negative control (section 2.8.1), while staurosporine-induced cell lysate was used a positive control for activity (section 2.8.2). In instances where the reducing agent Dithiothreitol (DTT) was included, treated lysates were passed through a bio-rad micro spin-6 column to prevent interference with the subsequent assay. The reaction was initiated by the addition of 10 µl of the caspase-3 substrate Ac-DEVD-pNA. The plate was covered and incubated overnight at 37 °C. A p-Nitroaniline standard curve ranging from 10 to 200 µM was made by diluting stock in 1x assay buffer. Activity was measured as absorbance OD405nm by a microplate reader. This was used to calculate enzymatic activity as the number of pmols produced, with reference to the standard curve, per minute of the reaction, per mg of total protein (as calculated by an appropriate protein assay (section 2.7.3)).
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[bookmark: _Toc367547369]                          Table 2.4 Components of caspase-3 assay required per well


	Volume of assay components used per well 

	
	Cell Lysate
	1 × Assay Buffer
	Caspase-3 substrate (Ac-DEVD-pNA) (2 mM)
	Caspase -3 Inhibitor (Ac-DEVD-CHO) (200 μM)

	Reagent Blank
	    5 μl
	  95 μl
	                -
	                -

	Uninduced 
	    5 μl
	  85 μl
	             10 μl
	                -

	Uninduced + inhibitor
	    5 μl
	  75 μl
	             10 μl
	             10 μl

	Induced 
	    5 μl
	  85 μl
	             10 μl
	                -

	Induced + inhibitor
	    5 μl
	  75 μl
	             10 μl
	             10 μl













[bookmark: _Toc367660535]2.9 Flow cytometry techniques
[bookmark: _Toc367660536]2.9.1 Measuring cell death following MC58 infection of J774.2 macrophages
Following infection of J774.2 cells with Neisseria meningitidis, cells were immediately washed in 1 ml ice cold PBS. These were then stained with 1 ml of the mitochondrial dye JC-1, at a concentration of 10 μg ml-1 in DMEM + 10 % HI-FCS, for 30 minutes at 37 °C, 5 % CO2. Cells were then scraped down and centrifuged at 500 g for 5 minutes, before being washed in PBS containing 1 % BSA. Cells were then analysed using the LSRII flow cytometer. Immediately prior to running, appropriate groups were stained with 1 µM of the viability dye, TOPRO-3. For analysis (figure 2.1), cells were gated based on their size and granularity using FCS and SSC to exclude any debris, to analyse survival cells were then gated on TOPRO-3, including only those deemed to be TOPRO-3 negative using an unstained control. 
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[bookmark: _Toc367544629][bookmark: _Toc367544789][bookmark: _Toc367545062][bookmark: _Toc367661047]Figure 2.1: Gating strategy for analysing cell death in murine macrophages. Cells were initially gated based on size and granularity using FSC and SSC to exclude debris, P1. A gate was then set on unstained, unstimulated cells to include only TOPRO-3 negative cells and the percentage of cells within this population, P2, was measured.   
[bookmark: _Toc367660537]2.9.2 Nuclei staining for the presence of GAPDH
Nuclei were extracted from infected cells and resuspended in 1 ml wash buffer (section 2.3.5.2) + 1 % BSA. Individual nuclei were counted on a haemocytometer following trypan blue staining. 1 x 106 nuclei from each condition were transferred to round bottom tubes. Tubes were centrifuged at 2000 g for 5 minutes and the supernatant discarded. Nuclei were resuspended in 100 μl nuclei staining buffer (section 2.1.2.8) + 1 μl GAPDH-APC (section 2.7.1.2) and 1.5 μl of DAPI (1 mg ml-1). Nuclei were analysed using the LSRII. The analysis strategy for GAPDH stained nuclei is described in results chapter 5. 


[bookmark: _Toc367547370]Table 2.5 Fluorochromes utilised during experiments
	Fluorochrome
	 Excitation (nm)
	 Emission (nm)
	Target

	TOPRO-3
	642
	661
	Nucleic acid

	JC-1
	515
	529
	590
	Mitochondria

	APC
	650
	660
	GAPDH

	DAPI
	358
	461
	Nucleic acid













[bookmark: _Toc367660538]Chapter 3: Effect of Neisseria meningitidis infection on NO-dependent host cell survival in a murine macrophage model
[bookmark: _Toc367660539]3.1 Introduction
[bookmark: _Toc367660540]3.1.1 Cell death
[bookmark: _Toc367660541]3.1.1.1 Overview
The process of controlled cell death is of fundamental importance in metazoan tissue and immune cell development. There are various different forms of cell death and these are only increasing as our knowledge of the process increases (Kroemer et al., 2007). The mode of cell death can be classified based on the morphological appearance of the cell, the enzymological profile, immunological characteristics or the functional aspects. For example, the terms apoptosis and autophagy (amongst others) represent forms of programmed cell death (PCD), a controlled suicide program, whereas necrosis is caused by a pathological stimulus such as trauma or infection, often resulting in a toxic death characterised by swelling of the cell resulting in membrane rupture and release of intracellular contents. It is associated with a pro-inflammatory phenotype and the relative inability of local phagocytes to remove cell debris (Fiers et al., 1999). Despite their differences, overlap between these processes can occur; for example a decrease in available ATP necessary for the energy-driven apoptosis can result in the cell switching to a necrotic profile (Leist et al., 1997, Denecker et al., 2001).  
[bookmark: _Toc367660542]3.1.1.2 Apoptosis
The most widely recognised form of PCD is apoptosis. The term apoptosis was originally used in a classic paper by Kerr et al 1972 to describe specific morphological occurrences during cell death consisting of chromatin condensation (pyknosis), cellular shrinkage, nuclear fragmentation and at the final stages, plasma membrane blebbing and engulfment of apoptotic debris by phagocytes (Kerr et al., 1972). The main role of apoptosis is during development and to maintain cell populations during tissue homeostasis, but it is also an incredibly important component of the immune response, eliminating reactive T and B cells and contributing to the education of immune cells in the thymus allowing tolerance of host tissues. It also allows cell-mediated cytotoxic killing of, for example, virally infected or transformed cells and crucially the down regulation of an immune response by removal of excess immune cells (Feig and Peter, 2007).  It is also an effective defence mechanism to remove cells damaged as a result of disease or from noxious agents. The term ‘apoptosis’ therefore encompasses a wide range of functional and biochemical heterogeneity with various distinct subtypes of apoptosis existing that are initiated via independent biochemical routes, but ultimately the result is the death of the cell in a manner that involves similar morphological occurrences. 
When investigating apoptosis, it is difficult to define when a cell is considered dead. This has been proposed to encompass massive caspase activation, loss of mitochondrial transmembrane potential (ΔΨm) (Green and Kroemer, 1998) complete permeabilisation of the mitochondrial membrane (Green and Kroemer, 2004) or exposure of phosphatidylserine (PS) residues, which are recognised by neighbouring cells. However there are copious examples of situations where one or several of these checkpoints are reached without the final progression to death of the cell, rendering the restriction point for cell death very difficult to define.
[bookmark: _Toc367660543]3.1.1.3 Mechanisms of apoptosis
The apoptotic program involves a sophisticated energy-dependent cascade of molecular events and is thought to be triggered via two main pathways. These consist of the extrinsic, or death receptor, pathway and the intrinsic, or mitochondrial, pathway. Both pathways are capable of functioning independently, however there is substantial cross-over between the two, with various molecules capable of influencing both pathways and converging at the same execution point (Munoz-Pinedo, 2012). 
The extrinsic pathway is activated upon binding of cytokines, including Tumour Necrosis Factor α (TNFα), Fas ligand (CD95) or TRAIL to their respective cell receptor, which are members of the TNF receptor gene superfamily (Locksley et al., 2001). For example, the binding of Fas to its receptor leads to conformational changes within the death domain containing intracellular portion of the receptor. This allows the internalisation of the receptor complex and the adaptor molecule Fas-Associated Death Domain (FADD) to bind to the Fas death domain (Chinnaiyan et al., 1995). FADD also contains a death effector domain allowing the recruitment of pro-caspase-8, forming the Death-Inducing Signalling Complex (DISC). Caspase-8 is subsequently activated by autoproteolytic cleavage and goes on to activate caspase-3 (Peter and Krammer, 2003). The binding of TNF ligand to TNF receptor also results in this cascade, however its death inducing capability is weak compared to other members. 
In contrast, initiation of the intrinsic pathway involves an array of receptor independent stimuli, such as toxic insults or various cellular stresses including energy deprivation or viral infection. These stimuli lead to changes in the inner mitochondrial membrane, resulting in the opening of the Mitochondrial Permeability Transition (MPT) pore and the loss of the mitochondrial transmembrane potential. A group of pro-apoptotic proteins including cytochrome c and Smac/DIABLO, usually sequestered in the intermembrane space, are released into the cytosol (Saelens et al., 2004). Cytochrome c binds to and activates Apoptotic Protease Activating Factor-1 (APAF-1) and pro-caspase-9, to form the mega dalton complex, the “apoptosome” (Hill et al., 2004). Activated caspase-9 is an initiator caspase, beginning a cascade that culminates in the activation of caspase-3, and thus both the intrinsic and extrinsic pathways converge on the same terminal pathway. Smac/DIABLO appears to promote apoptosis by inhibiting IAP (Inhibitors of Apoptosis Proteins) (Wu et al., 2000). 
Regulation of mitochondrial apoptosis is achieved via members of the Bcl-2 family of proteins, which can be pro or anti-apoptotic and are thought to govern the mitochondrial membrane permeability. Some anti-apoptotic proteins include Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bcl-w, BAG, and pro-apoptotic proteins include Bcl-10, Bax, Bak, Bid, Bad, Bim, Bik, and Blk (Cory and Adams, 2002).   
The activation of a variety of cysteine proteases, the caspase enzymes, begins the execution phase of apoptosis. These activate cytoplasmic endonucleases to degrade nuclear material as well as proteases, to degrade cellular proteins. Caspase-3, 6 and 7 represent the executioner caspases cleaving a variety of substrates that lead to the morphological changes associated with apoptosis (Slee et al., 2001). Caspase-3 is considered the most important of these, and its activity is often used as a marker for caspase-dependent apoptosis. 
[bookmark: _Toc367660544]3.1.1.4 Effect of nitric oxide on cell death
The gaseous free radical, NO, and its functional role is discussed extensively in chapter 1. It has been shown to influence a huge variety of physiological processes, including programmed cell death. It is capable of promoting and suppressing death in both a cGMP dependent and independent manner with the end result depending largely on the flux of local NO and the cell type. Below are a select small number of targets known to be regulated by NO.   
NO is capable of initiating caspase dependent apoptosis in cardiomyocytes in a cGMP mediated manner (Shimojo et al., 1999). However, emerging data has implicated S‑nitrosylation in a central role in the regulation of cell death. SNO formation was originally shown to inhibit caspase-3 activity, rescuing the cell from a suicidal disposition (Kim et al., 1997). Indeed, almost all caspases have shown the potential to be negatively regulated by S‑nitrosylation of their active cysteines (Mannick et al., 2001). Evidence has also suggested that caspase-3 is constitutively S-nitrosylated to prevent it from cleaving Poly (ADP-Ribose) Polymerase (PARP), amongst others, in resting cells. It then becomes de-nitrosylated following Fas ligand binding and cascade initiation (Mannick et al., 1999). Conversely, S‑nitrosylation of cysteine residues present in the cytoplasmic domain of the Fas death receptor have been shown to promote Fas ligand mediated apoptosis in cancer cells (Leon-Bollotte et al., 2011). The X-Linked Inhibitor of Apoptosis (XIAP) is also S‑nitrosylated, compromising its anticaspase-3 function and thus promoting apoptosis (Tsang et al., 2009). 
NO is also heavily involved in the regulation of the mitochondrial cell death pathway. A variety of cells, including macrophages and endothelial cells, have been shown to inhibit their own respiration, as well as the respiration of surrounding cells, when iNOS production is stimulated (Brown and Borutaite, 2001). This may occur through a variety of methods and NO derivatives (Reactive Nitrogen Species, RNS) including inactivation of complex I due to S‑nitrosylation (Borutaite et al., 2000) or via the terminal electron acceptor, cytochrome c oxidase being S-nitrosylated, resulting in apoptosis (Zhang et al., 2005). NO can also elicit mitochondrial fragmentation due to S‑nitrosylation of Dynamin-related protein1 (Drp1), a mitochondrial division protein (Cho et al., 2009). Addition of S-nitrosothiols to isolated mitochondria can lead to MPT, dissipating the proton motive force and in the absence of ATP, leading to necrosis due to inhibition of respiration (Borutaite et al., 2000). The action of NO on the intrinsic pathway can also be anti-apoptotic, with S-nitrosylation of Bcl-2 preventing its proteasomal degradation, therefore maintaining its inhibitory role in apoptosis (Azad et al., 2006).
[bookmark: _Toc367660545]3.1.1.5 Neisseria meningitidis and cell death
Invasive meningococcal infections are often associated with marked tissue and cell damage, with changes in cell morphology and extensive cell death observed in material obtained from fatal cases. This may occur through apoptosis or necrosis. Certain pathogenic Neisseria have been shown to induce apoptosis in various cell types (Schubert-Unkmeir et al., 2007). Invasive strains have been demonstrated to induce TNFα mediated cell death, whereas comparative carriage isolates provoked NFκB mediated shredding of the TNFR1 receptor protecting epithelial cells from apoptosis (Deghmane et al., 2011, Deghmane et al., 2009). Contradictory evidence has also been presented detailing the role of the Neisserial porin, PorB, in the protection from mitochondrial apoptosis in various cells, including macrophages (Massari et al., 2000, Massari et al., 2003). However, both murine and human macrophages have been shown to undergo caspase mediated apoptosis in response to the NhhA Neisserial outer membrane protein (Sjolinder et al., 2012). 
Of great importance is the observation that the nitric oxide detoxification machinery of Neisseria meningitidis is necessary for PorB mediated inhibition of macrophage apoptosis (Tunbridge et al., 2006). Given that infection is clearly capable of influencing the death profile of the cell, as is the presence and abundance of nitric oxide and its derivatives, and infection is capable of reducing the levels of detectable S-nitrosothiol (Laver et al., 2010), it seems plausible that the ability of bacteria to detoxify NO would have an impact on the survival of the cell. The work outlined in this chapter was carried out with the aim of investigating the impact of infection and NO detoxification on apoptosis and cell death.  

[bookmark: _Toc367660546]3.1.2 Murine macrophages
[bookmark: _Toc367660547]3.1.2.1 Nitric oxide production by murine macrophages
Initial work identified a link between the synthesis of NO and the macrophage, identifying macrophages as the predominant source of NO2-/NO3- in LPS stimulated mice when comparing murine intraperitoneal macrophages taken from both LPS-sensitive (C3H/He) and LPS-resistant (C3HHeJ) mice (Stuehr and Marletta, 1985). Shortly after these cells were identified as expressing iNOS and the detectable NO2-/NO3- represented oxidation products from the NO synthesis reaction (Stuehr et al., 1989). The expression of murine iNOS is synergistically stimulated by cytokines. Pro-inflammatory cytokines and cell agonists such as IFNα, IFNγ, TNFα and LPS can affect the genetic elements co-ordinating the expression of this gene.
[bookmark: _Toc367660548]3.1.2.2 Murine macrophage cell lines
The most widely studied murine macrophage cell lines utilised for infection studies are RAW 264.7, taken from tumours induced by Abelson leukaemia virus in BALB/c mice (Raschke et al., 1978) and the J774 cell line. The latter was generated from mouse ascites and solid tumours (Ralph and Nakoinz, 1975).
Although neither could be described as perfectly representing a murine macrophage, with RAW 264.7 cells displaying a much higher sensitivity to LPS stimulation, they do possess a large degree of macrophage-like characteristics. These include the synthesis and secretion of lysozyme, the ability to phagocytose zymogen and latex beads as well as sheep erythrocytes, the mediation of antibody dependent lysis and the expression of immunoglobulin and complement receptors (Raschke et al., 1978).
However, the pathway of iNOS production appears to be different from that observed in primary macrophages, with RAW 264.7 cells requiring stimulation with LPS alone to allow induction of iNOS (Stuehr and Marletta, 1985). In contrast the former require stimulation in combination with IFN (Ding et al., 1988). The J774 cell line is also highly sensitive to LPS stimulation alone, however this is to a lesser extent than RAW cells. The J774 macrophage utilised in this work is the J774.2 line, which was recloned from J774.1 original ascites and solid tumours. Although both RAW and J774 cells are very similar in many respects, sharing many characteristics and responding to stimulation in a similar manner (Broad et al., 2007), the major difference between the two is that J774.2 cells constitutively produce IL-1.
[bookmark: _Toc367660549]3.1.2.3 Murine macrophages as models
Murine macrophages display a high natural output of NO in response to cellular stimuli. This makes them a good model with which to test both microbial defences against nitrosative stress as well as those of the host, allowing factors such as cellular apoptosis to be measured (Eu et al., 2000). Murine macrophage cell lines have also proved useful in the study of S-nitrosothiol formation, with LPS stimulation leading to the endogenous synthesis of SNO via the inducible nitric oxide synthase (Zhang and Hogg, 2004).

[bookmark: _Toc367660550]3.2 Principles and methodology
With the principle aim of investigating the potential physiological consequences of SNO depletion, but more widely the impact of Neisseria’s ability to detoxify NO, it was decided to investigate the impact of NorB on aspects of the apoptotic cellular death pathway. The enzyme caspase-3 was initially chosen due to the extensive literature suggesting its regulation by S-nitrosylation and the ease of experimental output by utilising a simple colormetric assay. The caspase-3 colorimetric assay kit is based on the hydrolysis of acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA) by caspase-3, resulting in the release of the p‑nitroaniline (pNA) moiety. p-Nitroaniline is detected at 405 nm (ε = 10.5 mM-1).
In order to investigate the overall survival of the cells, a flow cytometry based assay was utilised. Cells were stained with the nucleic acid viability dye TOPRO-3, which cannot penetrate intact cellular membranes and so only cells that are dead will become stained. The mitochondrial dye JC-1, an indicator of mitochondrial membrane potential, was also utilised. JC-1 dye exhibits potential-dependent accumulation in mitochondria, indicated by a fluorescence emission shift from green (~529 nm) to red (~590 nm). Consequently, mitochondrial depolarization is signified by a decrease in the red/green fluorescence intensity ratio. The potential-sensitive colour shift is due to concentration dependent formation of red fluorescent J-aggregates.

[bookmark: _Toc367660551]3.3 Results
[bookmark: _Toc367660552]3.3.1 Trans-nitrosylation of caspase-3 using S-nitrosocysteine inhibits substrate cleavage activity 
Rationale and methods
Initial investigations began with the aim of examining whether infection of murine macrophages with Neisseria meningitidis expressing the nitric oxide reductase enzyme, NorB, were capable of modifying the S-nitrosylation status of caspase-3 and whether this would modulate caspase-3 activity as a result. With this aim in mind, studies were undertaken to confirm that caspase-3 activity can be modulated by artificial S-nitrosylation using the SNO donor S‑nitrosocysteine (CysNO). 
To determine the appropriate time point for maximal caspase-3 activity following stimulation of apoptosis, J774.2 murine macrophages were seeded in 6 well plates and stimulated for 24 h with DMEM + 10 % HIFCS, supplemented where appropriate with 2 μM staurosporine. Cell lysates (section 2.3.5.1) were tested for caspase-3 activity (section 2.8.3). Each individual result was calculated as the mean of duplicate OD405nm measurements.
In order to determine if donation of SNO affects caspase-3 activity, J774.2 cells were harvested at the time point displaying maximal activity and lysed (section 2.3.5.1). Cell lysates were split and treated with the trans-nitrosylating agent CysNO (500 μM) (section 2.4.1.1) in PBS at 37 °C, 5 % CO2 for 30 minutes in the presence or absence of the reducing agent Dithiothreitol (DTT) (20 mM). Caspase-3 activity was analysed spectrophotometrically using the chromogenic substrate, Ac-DEVD-pNA. A caspase‑3 specific inhibitor, Ac-DEVD-CHO was included where stated at 200 µM (section 2.8.3). 
Results
Stimulation of J774.2 murine macrophage cells with 2 μM staurosporine caused an increase in caspase-3 activity compared to untreated cells, with maximal activity occurring at ~8 h post stimulation. This activity dissipated over time and returned to baseline within 24 h (figure 3.1 A). Treatment of lysate from staurosporine-stimulated cells with both CysNO (258 ± 75.5 pmol min-1 mg-1) and the caspase-3 inhibitor, Ac-DEVD-CHO (19.2 ± 6.54 pmol min-1 mg-1), significantly reduced caspase-3 activity compared to staurosporine stimulated but untreated lysate (493 ± 117 pmol min-1 mg-1) (figure 3.1 B). Treatment of unstimulated lysates with CysNO or the inhibitor Ac-DEVD-CHO had no significant impact on caspase-3 activity. The inhibitory effect of CysNO on caspase-3 activity was completely ablated in the presence of the reducing agent DTT, with caspase-3 activity increasing from 280 ± 49.8 pmol min-1 mg-1 in this set of experiments to 592 ± 87.2 pmol min-1 mg-1 in the presence of DTT. Treatment of unstimulated cell lysates with DTT also caused a significant increase in caspase-3 activity (279 ± 54.3 pmol min-1 mg-1) compared to untreated, unstimulated cells (figure 3.1 C). 


[bookmark: _Toc367660553]3.3.2 Infection of J774.2 murine macrophages with Neisseria meningitidis induces limited, but not significant caspase-3 activity over a 48 h infection time course
Rationale and methods
Having established that caspase-3 activity can be modulated by S-nitrosylation in this assay system, it was decided to investigate the impact of infection with Neisseria meningitidis on J774.2 caspase-3 activity. Given the demonstrated ability of the meningococcus to remove NO through the action of the nitric oxide reductase (NorB), thus depleting one of the substrates necessary for the S‑nitrosylation of host cell proteins (Laver et al, 2010), and given that S‑nitrosylation occurs in areas of high NO concentration it is at least biologically plausible that the S-nitrosylation status of caspase-3 can be modulated by the presence of infection.  
As a first step toward determining the effect of meningococal NO metabolism on caspase-3 activity, it was necessary to determine whether Neisseria meningitidis elicited caspase-3 activity during an infection. J774.2 murine macrophage cells were seeded in 6 well plates at 1 x 106 cells ml-1. Wild type N. meningitidis and the ΔnorB mutant derivative were grown to mid-log phase in MHB (section 2.2.2.2). Immediately prior to use, all strains of bacteria were resuspended in a suitable volume of DMEM + 10 % HI-FCS to give an MOI of 10 (section 2.2.3.3). Infection was followed by a period of co-incubation over 48 h. A well incubated with DMEM + 10 % HI-FCS was used as an uninfected control. Supernatant samples were taken at each time point and viable counts performed. Cell lysates (section 2.3.4.1) were subsequently tested for caspase‑3 activity using the mean of duplicate measurements of absorbance at OD405nm (section 2.8.3).
Results 
The relative caspase-3 activity in infected J774.2 cell lysates did not significantly increase at any time point following infection with either wt or ΔnorB bacteria. Following 4, 8 and 12 h of infection caspase-3 activity remained at a similar level to that of uninfected cells (27.89 ± 9.205 pmol min-1 mg-1) (figure 3.2 A). At 18 h following infection there was a small, but non-significant increase in caspase-3 activity in cells infected with bacteria (wt = 68.45 ± 24.16, ΔnorB = 56.36 ± 17.33 pmol min-1 mg-1) however by 24 h post infection the levels of caspase-3 activity were once again similar to those observed at the earlier time points. Only very low levels of caspase-3 activity were detectable 48 h after infection. Importantly, there was no significant difference between bacterial numbers from either wt or ΔnorB infected cell supernatants at any of the specified time points (figure 3.2 B). 
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[bookmark: _Toc367544630][bookmark: _Toc367544790][bookmark: _Toc367545063][bookmark: _Toc367661048][bookmark: OLE_LINK3]Figure 3.1: Caspase-3 activity from staurosporine-stimulated J774.2 murine macrophage cell lysates following treatment with the trans-nitrosylating agent CysNO ± the reducing agent DTT. (A) J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS (circles, red line) supplemented where appropriate with 2 μM staurosporine (squares, gold line) for 24 h. Cells were subsequently harvested and lysed. Lysates were subjected to a caspase-3 colorimetric assay using the substrate Ac-DEVD-pNA according to the manufacturer’s instructions. Bars denote mean ± SEM, n=3. (B) Cells were incubated with or without staurosporine for 8 h. Cells lysates were subsequently treated, where indicated, with 500 μM CysNO. The caspase-3 inhibitor Ac-DEVD-CHO was also included (200 µM) as a negative control. Bars denote mean ± SEM, *p<0.05; ***p<0.001, n=3, 1way ANOVA with Tukey’s Multiple Comparisons test. (C) Cells were incubated with or without staurosporine for 8 h. Cell lysates were subsequently treated with 500 μM CysNO ± 20 mM DTT. Bars denote mean ± SEM, *p<0.05, **p<0.01, ***p<0.001, n≥4, 1way ANOVA with Tukey’s Multiple Comparisons test.
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[bookmark: _Toc367544631][bookmark: _Toc367544791][bookmark: _Toc367545064][bookmark: _Toc367661049]Figure 3.2: Caspase-3 activity in J774.2 murine macrophage cell lysates following infection with either wt or the ΔnorB mutant derivative of Neisseria meningitidis. J774.2 murine macrophage cells were infected with wt Neisseria meningitidis or the isogenic mutant derivative, ΔnorB at an initial MOI of 10 for a period of 48 h. At the indicated times, cells were harvested and lysed. (A) Caspase-3 activity measured in cell lysates generated from Neisseria-infected cells. Lysates were subjected to a caspase-3 colorimetric assay using the substrate Ac-DEVD-pNA according to the manufacturer instructions. Bars denote mean ± SEM, n=3. (B) Viable counts from supernatants throughout the experiment. Values are expressed in cfu ml-1. Bars denote mean ± SEM, n=3.
[bookmark: _Toc367660554]
3.3.3 Infection of pre-stimulated J774.2 murine macrophages with ΔnorB Neisseria meningitidis significantly increases caspase-3 activity over a 48 h infection time course compared to wild type
Rationale and methods
In order to determine whether the NO detoxification activity of NorB would impact on host cell caspase-3 activity it was essential to create an environment that was NO rich; to elicit expression of the meningococcal NorB enzyme and to allow any differences as a result of bacterial NO detoxification to become apparent. To this end, J774.2 macrophage cells were pre-stimulated with LPS and rmIFNγ to induce expression of iNOS. Previous work within this group has shown that such treatment enhances both NO and SNO levels within the J774.2 murine macrophage cell line (Laver et al., 2010).
J774.2 murine macrophage cells were seeded in 6 well plates and stimulated with 1 μg ml-1 of LPS and 100 units ml-1 of rmIFNγ in DMEM + 10 % HI-FCS for a period of 6 h. Mid-log phase wild type and ΔnorB N. meningitidis (section 2.2.2.2) were resuspended in LPS and rmIFNγ-supplemented DMEM + 10 % HI-FCS to give an MOI of 10 (section 2.2.3.3). Cell lysates (section 2.3.4.1) were then tested for caspase-3 activity according to the standard assay protocol (section 2.8.3). Each individual result was calculated using the mean of duplicate measurements of absorbance at OD405nm. 
Results
As stated in section 3.3.2 meningococcal infection of unstimulated J774.2 macrophages had no significant impact on host caspase-3 activity, however it was postulated that this was as a result of a lack of expression of the NorB enzyme in the experimental conditions utilised (itself a result of the lack of NO activity and nitrosative stress in the system). In cells that had been pre-stimulated for 6 h, there was a significant increase in caspase-3 activity in those cells infected with a ΔnorB mutant derivative of N. meningitidis when compared to those infected with wt bacteria at 24 h post infection (ΔnorB = 83.4 ± 44.9, wt = 15.5 ± 4.04 pmol min‑1 mg-1). There was no significant difference between these two groups at any other time point, although there was a tendency for those cells infected with ΔnorB bacteria to display a higher caspase-3 activity (figure 3.3 A). Analysis of colony forming units calculated from the viable counts performed during the experiment showed a significant difference between the numbers of the two strains of meningococci present in the cellular supernatants at 24 h (wt = 4.21 x 1010, ΔnorB = 1.65 x 1010 cfu ml-1) (figure 3.3 B). There was no significant difference between bacterial counts at any other time point. 

[bookmark: _Toc367660555]3.3.4 Inhibition of macrophage phagocytosis accentuates the difference in caspase-3 activity between wild type-infected and ΔnorB J774.2 cell lysates
Rationale and methods
The observed difference in the numbers of wt and ΔnorB bacteria present in the infection model at 24 h was a confounding factor. The difference in caspase-3 activity could not be attributed to the genetic differences between the meningococcal strains, as it may potentially have been caused by the disparity in bacterial numbers. Previous work has shown that the ΔnorB mutant derivative of N. meningitidis is killed more easily by macrophages than the wt form following phagocytosis (Stevanin et al., 2005), which is consistent with the observation shown in figure 3.3 B. In order to try and remove this confounder, it was necessary to prevent the macrophage cells from internalising bacteria, which was achieved by treatment of cells prior to and during infection with the potent inhibitor of actin polymerisation, cytochalasin D. It was hypothesised that this would remove any difference in bacterial numbers, as evidenced in earlier work using this cell line (Laver et al., 2010) and reveal whether the observed difference in caspase-3 activity was attributable to the differences in bacterial NO metabolism.
To this end J774.2 murine macrophage cells were seeded, stimulated and infected as described previously (section 3.3.3) with the exception that 30 minutes prior to infection, cells were incubated with DMEM containing 5 μM cytochalasin D. Because the inhibitory effect of a pulse treatment with cytochalasin D on phagocytosis is transient (J R Laver, personal communication), a lower, maintenance dose (2 μM) was also included in the media for the duration of the experiment, in addition to LPS and rmIFNγ. Where indicated, the iNOS inhibitor 1400w was included at a final concentration of 100 μM for the entirety of the experiment. Infection was followed by a period of co-incubation at 37 oC, 5 % CO2 for 24 h. Cells incubated with DMEM + 10 % HI-FCS only or with cytochalasin D only were used as unstimulated controls. Cell lysates (section 2.3.4.1) were tested for caspase-3 activity according to the standard assay protocol (section 2.8.3). Each individual result was calculated as the mean of absorbance measurements at OD405nm from duplicate wells. 
Results
Stimulation of macrophage cells with LPS and rmIFNγ for a total of 30 h lead to a significant increase in caspase-3 activity (62.2 ± 7.4 pmol min-1 mg-1) when compared to cells that were unstimulated (24.9 ± 4.1 pmol min-1 mg-1). However the presence of a wt N. meningitidis infection significantly reduced this caspase-3 activity (27.4 ± 5.2 pmol min-1 mg-1). No significant reduction was seen in the presence of the ΔnorB mutant derivative (52.2 ± 7.4 pmol min-1 mg-1). The difference in caspase-3 activity between lysates generated from wild type-infected cells and lysates generated from ΔnorB-infected cells was significant (figure 3.4 A).
Interestingly, in the presence of the iNOS inhibitor 1400w, the caspase-3 activity from ΔnorB infected lysates was reduced (23.07 ± 4.6 pmol min-1 mg-1) and this was significantly different to those exposed to a ΔnorB infection in the absence of 1400w treatment. Also, in the presence of 1400w, the significant difference observed between cells infected with wt or ΔnorB bacteria was abated. Conversely, there was no significant difference in casapse-3 activity when comparing wt infected cell lysates from cells both in the presence or absence of 1400w treatment. 
The actin polymerisation inhibitor, cytochalasin D, was included to try and remove any bias as a result of difference in bacterial load. A comparison of the number of viable bacteria recovered from each supernatant revealed there was no significant difference between wells infected with either wt or the ΔnorB mutant derivative in the absence, or presence of 1400w (figure 3.4 B).
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[bookmark: _Toc367544632][bookmark: _Toc367544792][bookmark: _Toc367545065][bookmark: _Toc367661050][bookmark: OLE_LINK4]Figure 3.3: Caspase-3 activity in J774.2 murine macrophage cell lysates after pre-stimulation with LPS and rmIFNγ followed by infection with either wt or the ΔnorB mutant derivative of Neisseria meningitidis. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for 6 h,  followed by infection with wt N. meningitidis or the ΔnorB mutant derivative thereof at an MOI of 10 for a period of 48 h. At the indicated times post-infection, cells were harvested and lysed. (A) Lysates were subjected to a caspase-3 colorimetric assay using the substrate Ac-DEVD-pNA according to the manufacturer’s instructions. Bars denote mean ± SEM, *p<0.05, n=4, 2way ANOVA with Bonferroni’s Multiple Comparisons test (B) Viable counts of bacterial number throughout the experiment. Values are expressed in cfu ml-1. Bars denote mean, **p<0.01, n=4, paired samples t-test.
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[bookmark: _Toc367544633][bookmark: _Toc367544793][bookmark: _Toc367545066][bookmark: _Toc367661051]Figure 3.4: Caspase-3 activity in pre-stimulated J774.2 murine macrophage cell lysates following infection with either wt or the ΔnorB mutant derivative of Neisseria meningitidis in the presence of cytochalasin D. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for 6 h followed by infection with wt N. meningitidis or the ΔnorB mutant derivative thereof at an MOI of 10 for 24 h. Where indicated, the iNOS inhibitor 1400w was included from the start of the experiment at a concentration of 100 μM. Post infection, cells were harvested and lysed. (A) Lysates were subjected to a caspase-3 colorimetric assay using the substrate Ac-DEVD-pNA according to the manufacturer’s instructions. Bars denote mean ± SEM, **p<0.01, ***p<0.001, n=9, ANOVA with Tukey’s Multiple Comparisons test. (B) Viable counts of bacterial number throughout the experiment. Values are expressed in cfu ml-1. Bars denote median. 
[bookmark: _Toc367660556][bookmark: OLE_LINK2]3.3.5 Infection of pre-stimulated J774.2 murine macrophages with wild type Neisseria meningitidis is associated with a significant increase in cell mortality that is dependent on the ability of the bacteria to detoxify nitric oxide
Rationale and methods
As a significant difference was observed in terms of caspase-3 activity between macrophages infected with either the wt or ΔnorB mutant derivative of MC58, it was important to establish how this related to the overall survival of the eukaryotic cell. This was especially important considering the pattern observed for caspase-3 activity following infection was contrary to our expectations, given the demonstrated inhibitory effect of S-nitrosylation on caspase-3 activity. Artificial S-nitrosylation led to decreased activity; however the expression of the nitric oxide reductase enzyme in Neisseria meningitidis, which putatively lowers the local concentration of NO during infection, was also associated with a reduction in caspase-3 activity. Although this observation supports previous work investigating the effect of Neisseria meningitidis infection on macrophage survival, which showed that the presence of the NorB enzyme was associated with infection-mediated inhibition of primary macrophage apoptosis (Tunbridge et al., 2006) it does not concur with what is known about S‑nitrosylation based regulation of caspase-3. 
During the course of these experiments, the mitochondrial dye JC-1 was utilised. It was hypothesised that this would help to elucidate the effect of NO on the system, given that nitrosative stress has been shown to result in cell death via the inhibition of electron transport apparatus and the subsequent collapse of the mitochondrial membrane potential. This would allow an insight into the mode of action of NO in this system and at what level perturbation by infection might occur. 
Pre-stimulated J774.2 murine macrophage cells, treated with cytochalasin D were infected with either wt or ΔnorB Neisseria meningitidis. Infection was followed by a period of co-incubation over 20 h. A well incubated with DMEM + 10 % HI-FCS only and one with cytochalasin D only were used as unstimulated controls. Supernatant samples were taken and viable counts performed. Cells were washed in sterile PBS and stained with the mitochondrial dye, JC-1 (section 2.9.1). Immediately prior to analysis cells were also stained with the viability dye TOPRO-3. Cells were examined using flow cytometry (LSRII) and data analysed using FACS DIVA software. Percentage survival was defined as the percentage of cells that remained TOPRO-3 negative at each time point. 
Results
Following 8 h of infection there was no significant difference between any of the infection groups compared to each other or when compared to cells stimulated with LPS and rmIFNγ only. This was maintained at 12 h post infection; however all groups displayed a small decrease in survival compared to unstimulated control cells. At 16 h post infection there was a drop in survival of wt-infected cells (7.07 ± 2.04 %), which was not observed to the same extent for those cells infected with the ΔnorB mutant derivative (22.7 ± 5.37 %) or cells that had been stimulated with LPS and rmIFNγ only (22.8 ± 5.34 %); however this difference only became significant after 20 h of infection (wt = 1.83 ± 1.04, ΔnorB = 20.2 ± 6.19 %) (figure 3.5 A). 
The decrease in cellular survival was also reflected in the mitochondrial membrane potential (MMP) of the cell. Compared to LPS/rmIFNγ stimulated cells (16.4 ± 4.3 MFI red/green) and cells infected with ΔnorB N. meningitidis (19.9 ± 3.93 MFI red/green) after 8 h of infection, the ratio of MFI-red/MFI-green fluorescence of cells infected with wild type bacteria (14.5 ± 2.5 MFI red/green) was smaller, but this was not significant (figure 3.5 B). While the same pattern was evident after 12 h of infection, at 16 h post-infection there was a change in the ratio of MFI-red/MFI-green in those cells infected with the mutant derivative, ΔnorB (11.3 ± 1.97 MFI red/green), resulting in a value similar to that of wild type-infected cells (11.9 ± 3.76 MFI red/green). After 20 h of infection, the ratio of MFI-red/MFI-green fluorescence of cells infected with wild type bacteria (7.98 ± 1.49 MFI red/green) was significantly reduced compared to LPS/rmIFNγ stimulated cells (26.6 ± 3.49 MFI red/green), which itself had shown small but non-significant increases throughout the time course.
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[bookmark: _Toc367544634][bookmark: _Toc367544794][bookmark: _Toc367545067][bookmark: _Toc367661052]Figure 3.5: Percentage cell survival and loss of MMP in pre-stimulated J774.2 murine macrophage cells following infection with either wt or the ΔnorB mutant derivative of Neisseria meningitidis. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for 6 h, followed by infection with wt or the ΔnorB mutant derivative of Neisseria meningitidis at an MOI of 10 for up to 20 h. Post infection, cells were harvested and stained with the mitochondrial membrane dye JC-1. Immediately prior to analysis cells were also stained with the viability dye TOPRO-3. (A) Cells were gated on TOPRO-3 and % survival indicates cells considered to be TOPRO-3 negative. Bars denote mean ± SEM, *p<0.05, **p<0.01, ***p<0.001, n=4, 2way ANOVA with Bonferroni’s Multiple Comparisons test. (B) The Median Fluorescent Intensity, (MFI) of both red and green from cells stained with JC-1 were obtained and the ratio was calculated to give an indication of the Mitochondrial Membrane Potential (MMP).  Mitochondrial depolarization is characterised by a reduction in the ratio of MFI-red/MFI-green. Bars denote mean ± SEM, **p<0.01, n=4, 2way ANOVA with Bonferroni’s Multiple Comparisons test.
[bookmark: _Toc367660557]3.3.6 Nitric oxide produced by the mammalian inducible nitric oxide synthase is associated with increased cell survival and early stabilisation of mitochondrial membrane potential in J774.2 macrophages infected with the ΔnorB mutant derivative of Neisseria meningitidis
Rationale and methods
Given there were significant differences in cell survival and MMP between cells infected with wild type and ΔnorB bacteria, a role for nitric oxide in these processes was suggested. Because the vast majority of NO in this experimental model would be from the inducible form of NOS, it was important to discern the impact of inhibiting this enzyme. As the absence of bacterial NorB in the infection had promoted the continued survival of the macrophage cells, similar to uninfected but LPS/rmIFNγ-stimulated cells, whereas wild type, NO-detoxifying bacteria had induced an increased level of cell death; it was hypothesised that an increased local concentration of NO was beneficial to the survival of the cell. In order to investigate whether the difference in macrophage survival was due to the ability of infecting bacteria to detoxify NO per se, the mammalian iNOS inhibitor, 1400w, was included in the experiments. 
[bookmark: OLE_LINK5]Pre-stimulated J774.2 murine macrophage cells were infected with wt or ΔnorB bacteria and where indicated, the iNOS inhibitor 1400w was included at a final concentration of 100 μM for the duration of the experiment. Infection was followed by a period of co-incubation over 20 h. A well incubated with DMEM + 10 % HI-FCS only and one with cytochalasin D only were used as unstimulated controls. Supernatant samples were taken and viable counts performed (section 2.2.3.1). Cells were washed in sterile PBS and stained with the mitochondrial dye, JC-1. Immediately prior to analysis cells were also stained with the viability dye TOPRO-3 (section 2.9.1). Cells were examined using flow cytometry (LSRII) and data analysed using the FACS DIVA software. 


Results
There was a significant difference in cell survival at both 16 and 20 h between cells infected with wt bacteria and those that remained either uninfected, or infected with the ΔnorB mutant derivative (figure 3.6 A). Treatment of cells with the iNOS inhibitor, 1400w, had no impact on those cells that were already infected with wt bacteria. However, those cells that were infected with ΔnorB in the presence of 1400w showed a large drop in cell survival at both 16 and 20 h (ΔnorB 16 h = 46.2 ± 7.96, 20 h = 40.4 ± 7.97; ΔnorB + 1400w 16 h = 19.0 ± 2.73, 20 h = 9.25 ± 1.75 %) and there was no longer a significant difference compared to those infected with wt bacteria (wt + 1400w = 5.8 ± 1.15 %) at 20 h. Cells infected with ΔnorB in the presence of 1400w also displayed a significant difference in surivival compared to LPS and rmIFNγ stimulated cells (29.8 ± 4.46 %) in a similar manner to those infected with wt bacteria in the presence of 1400w at 20 h post infection (figure 3.6 B). Interestingly, the level of cell survival of cells stimulated with LPS and rmIFNγ appeared to be slightly higher in the absence of 1400w treatment (41.7 ± 5.95 %).   
Infection with wt bacteria was associated with a significant reduction in MMP after 12 h of infection (8.72 ± 0.81 MFI red/green) when compared with those cells that remained uninfected (18.2 ± 3.15 MFI red/green) and this was maintained till 20 h post infection (figure 3.7 A). This initial loss in MMP was not seen at 12 h in those cells that had been infected with the nitric oxide reductase mutant, ΔnorB (18.2 ± 3.51 MFI red/green). However, as seen previously, there was a reduction in MMP at 16 and 20 h post infection but this did not become significant at any measured time point (16 h = 7.36 ± 1.41; 20 h = 6.33 ± 0.76 MFI red/green). In the presence of the iNOS inhibitor, 1400w, the initial difference between those cells infected with wt or ΔnorB bacteria was removed and both show a loss of MMP by 12 h post infection (wt + 1400w = 8.5 ± 1.25; ΔnorB + 1400w = 10.6 ± 2.2 MFI red/green), this was maintained at every time point. Mirroring the results seen for cell survival, those cells that were stimulated with LPS and rmIFNγ only also seemed to display a loss of MMP in the presence of 1400w compared to in its absence (figure 3.7 B).
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[bookmark: _Toc367544635][bookmark: _Toc367544795][bookmark: _Toc367545068][bookmark: _Toc367661053]Figure 3.6: Percentage cell survival in pre-stimulated J774.2 murine macrophage cells following infection with either wt or the ΔnorB mutant derivative of Neisseria meningitidis in the presence of 1400w. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for 6 h followed by infection with wt or the ΔnorB mutant derivative of Neisseria meningitidis at an MOI of 10 for up to 20 h in the absence (A) or presence (B) of the iNOS inhibitor 1400w, which was included from the start of the experiment at a concentration of 100 μM. Post infection, cells were harvested and immediately prior to analysis stained with the viability dye TOPRO-3. Cells were gated on TOPRO-3 and % survival indicates cells considered to be TOPRO-3 negative. Bars denote mean ± SEM, *p<0.05, **p<0.01, ***p<0.001, n=4, 2way ANOVA with Bonferroni’s Multiple Comparisons test. B

[bookmark: _Toc367544636][bookmark: _Toc367544796][bookmark: _Toc367545069] (
A
B
)Figure 3.7: Median fluorescence intensity ratio of infected macrophages in pre-stimulated J774.2 murine macrophage cells stained with JC-1 following infection with either wt or the ΔnorB mutant derivative of Neisseria meningitidis in the presence of 1400w. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for 6 h, followed by infection with wt or the ΔnorB mutant derivative of Neisseria meningitidis at an MOI of 10 for up to 20 h in the absence (A) or presence (B) of the iNOS inhibitor 1400w, which was included from the start of the experiment at a concentration of 100 μM. Post infection cells were harvested and stained with JC-1 and the MFI at both red and green were obtained and the ratio was calculated to give an indication of the mitochondrial membrane potential.. Bars denote mean ± SEM, *p<0.05, **p<0.01, n=4, 2way ANOVA with Bonferroni’s Multiple Comparisons test. 
[bookmark: _Toc367660558]3.3.7 The effect of infection with wt Neisseria meningitidis on J774.2 murine macrophage survival is independent of soluble guanylyl cyclase activity
Rationale and methods
Once it was established that the ability of Neisseria to detoxify nitric oxide was impacting on the survival of the host cell, it was important to try and establish the mechanism through which this might be operating. In order to achieve this the soluble guanylyl cylase inhibitor, 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), or an analogue of the cyclic GMP secondary messenger, 8-Bromoguanosine 3′,5′-cyclic monophosphate sodium salt (8-Br-cGMP), were included throughout the experiment. It was hoped that this would allow us to identify if the downstream mechanism associated with cell death was cyclic GMP dependent, the most widely acknowledged mechanism for nitric oxide based signalling.
In order to investigate this, activated J774.2 murine macrophage cells were infected with wt and ΔnorB bacteria in the same manner as described earlier. Where indicated, either the guanylyl cyclase inhibitor, ODQ (5 μM) (figure 3.8 A), or the cyclic GMP analogue, 8-Br-cGMP (figure 3.8 B), were included. A well incubated with DMEM + 10 % HI-FCS only and one with ODQ only were used as unstimulated controls. Supernatant samples were taken and viable counts performed. Cells were washed in sterile PBS and immediately prior to analysis cells were stained with the viability dye TOPRO-3 (section 2.9.1). Cells were examined using flow cytometry (LSRII) and data analysed using the FACS DIVA software.
 Results
As seen previously in figure 3.4, infection of J774.2 macrophages with wt Neisseria meningitidis again led to a significant decrease in cell survival (30.7 ± 7.49 %) compared to cells infected with a mutant derivative of the bacteria lacking the nitric oxide reductase enzyme, NorB (56.9 ± 4.68 %) (figure 3.8 A). The guanylyl cyclase inhibitor, ODQ, had no effect on this pattern, with wt infected cells continuing to display a significant reduction in survival when compared to an infection with ΔnorB. Treatment of cells with the cyclic GMP analogue, 8-Br-cGMP also had no effect at any of the concentrations tested (figure 3.8 B). Cells infected with wild type bacteria showed significantly reduced survival compared to cells either left uninfected but LPS/rmIFNγ stimulated, or infected with meningococcus unable to express NorB. Taken together, these findings indicate that the mechanism leading to macrophage cell death in this model is independent of the soluble enzyme guanylyl cyclase and its second messenger, cGMP. 

[bookmark: _Toc367660559]3.3.8 The nitric oxide donor NOC-12, but not S-Nitroso-N-acetylpenicillamine, rescues J774.2 macrophages from cell death induced by infection with wt Neisseria meningitidis
Rationale and method
In order to demonstrate the role of NO in the protection of cells from death, a variety of NO donors were utilised including the known nitrosylating agent S-Nitroso-N-AcetylPenicillamine (SNAP), which serves as a donor of the nitrosonium ion, NO+, which is capable of directly modifying protein cysteine thiols. The stable NO amine complex, 1-Hydroxy-2-oxo-3-(N-ethyl-2-aminoethyl)-3-ethyl-1-triazene (NOC-12), which spontaneously releases NO itself, without cofactors, was also utilised. It was hypothesised that donation of NO using these donors would rescue the cell from infection-induced cell death. 
To this end, pre-stimulated and infected J774.2 murine macrophage cells were treated with either SNAP (figure 3.9 A), or NOC-12 (figure 3.9 B), included in the medium from the beginning of the experiment. Infection was followed by a period of co-incubation over 20 h. A well incubated with DMEM + 10 % HI-FCS only and one with the same medium supplemented with cytochalasin D were used as unstimulated controls. Supernatant samples were taken and viable counts performed (section 2.2.3.1). Immediately prior to analysis cells were also stained with the viability dye TOPRO-3 (section 2.9.1). Cells were examined using flow cytometry (LSRII) and data analysed using the FACS DIVA software.
Results
There was a significant decrease in percentage survival of those cells infected with wt bacteria when compared to those infected with ΔnorB. However, treatment with the nitrosylating agent SNAP had no impact on cell death, with a difference remaining between the two infection groups at 20 h post infection (wt = 4.1 ± 0.5; ΔnorB = 30.6 ± 5.8 %) despite its inclusion throughout the course of the experiment (figure 3.9 A). 
In contrast, when the NO donor NOC-12 was included there was a dose dependent-increase in cell survival. When 100 μM NOC-12 was included from the start of the experiment, an increase in survival of cells infected with wt bacteria was observed to the extent that any significant difference in survival between the infection groups was removed (wt = 39.07 ± 14.7; ΔnorB = 68.5 ± 8.9 %). At a concentration of 1 mM NOC-12, the difference between infection groups was completely eradicated (wt = 62.3 ± 8.73; ΔnorB 65.5 ± 8.17 %) (figure 3.9 B).
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[bookmark: _Toc367544637][bookmark: _Toc367544797][bookmark: _Toc367545070][bookmark: _Toc367661054]Figure 3.8: Effect of ODQ and 8-Br-cGMP on cell survival following infection of pre-stimulated murine macrophages with either wt or ΔnorB Neisseria meningitidis. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS only containing 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for 6 h  followed by infection with wt or the ΔnorB mutant derivative of Neisseria meningitidis at an MOI of 10 for 20 h. (A) Where indicated, the soluble guanylyl cyclase inhibitor ODQ was included for 30 minutes at the start of the experiment at a final concentration of 5 μM (B) The indicated concentrations of 8-Br-cGMP were included for the entirety of the experiment. Post infection, cells were harvested and immediately prior to analysis stained with the viability dye TOPRO-3. Cells were gated on TOPRO-3 and % survival indicates cells considered to be TOPRO-3 negative. Bars denote mean ± SEM, *p<0.05, n=4, 2way ANOVA with Bonferroni’s Multiple Comparisons test.B
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[bookmark: _Toc367544638][bookmark: _Toc367544798][bookmark: _Toc367545071][bookmark: _Toc367661055]Figure 3.9: Effect of NOC-12 and SNAP on cell survival following infection of pre-stimulated murine macrophages with either wt or ΔnorB Neisseria meningitidis. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for 6 h followed by infection with wt or the ΔnorB mutant derivative of Neisseria meningitidis at an MOI of 10 for 20 h. (A) The NO donor SNAP was included for the duration of the experiment at 250 μM (B) The NO donor NOC-12 was included at the indicated concentrations for the entirety of the experiment. Post infection, cells were harvested and immediately prior to analysis stained with the viability dye TOPRO-3. Cells were gated on TOPRO-3 and % survival indicates cells considered to be TOPRO-3 negative. Bars denote mean ± SEM, **p<0.01, n=4, 2way ANOVA with Bonferroni’s Multiple Comparisons test.
[bookmark: _Toc367660560]3.3.9 Infection of activated human monocyte-derived macrophages with Neisseria meningitidis is not associated with a change in cell mortality 
Rationale and method
Since it was established that an infection with wt Neisseria meningitidis led to a significant increase in cell death in our murine macrophage model as a result of NO depletion, the relevance of these observations in humans was tested. To that end monocyte derived macrophages were isolated from the blood of healthy volunteers and utilised in experiments. J774.2 macrophages produce a higher concentration of NO in response to stimulation and given the requirement for all the components utilised in the experimental protocol it was decided it was important to try and observe the response in a model more physiologically relevant to a meningococcal infection.
Human monocytes were isolated from whole blood taken from three healthy, consenting donors and plated in 24-well trays until maturation into MDM (section 2.3.2). Individual wells of MDM from the same donor were stimulated and treated with cytochalasin D in the same manner as described previously (section 3.3.4) and infected with N. meningitidis at an MOI of 10. Infection was followed by a period of co-incubation over 20 h. A well incubated with RPMI + 10 % HI-FCS only and one with the same medium supplemented with cytochalasin D were used as unstimulated controls. Supernatant samples were taken and viable counts performed (section 2.2.3.1). Cells were washed in sterile PBS and stained with the mitochondrial dye, JC-1. Immediately prior to analysis cells were also stained with the viability dye TOPRO-3 (section 2.9.1). Cells were examined using flow cytometry (LSRII) and data analysed using the FACS DIVA software.
Results
There was no significant difference in the percentage of cells considered to be TOPRO-3 positive, and therefore dead, following either stimulation with LPS and rmIFNγ or subsequent infection with wt Neisseria meningitidis or the ΔnorB mutant derivative when compared to each other or to cells that had remained unstimulated and uninfected. This observation remained true at every time point measured (figure 3.10 A). 
This result was reflected in the values obtained for the median fluorescence intensity of JC-1 stained cells. Cells exhibited no difference in the ratio of MFI-red/MFI-green following stimulation or infection with either of the strains of Neisseria meningitidis. At later time points there was a trend for those cells that had been infected with bacteria to display a lower ratio of MFI-red/MFI-green compared to those cells that had been stimulated with LPS and rmIFNγ only; however the spread of data was relatively high and this did not become significant at any point (figure 3.10 B). 
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[bookmark: _Toc367544639][bookmark: _Toc367544799][bookmark: _Toc367545072][bookmark: _Toc367661056]Figure 3.10: Percentage cell survival and JC-1 median fluorescence intensity in activated monocyte derived macrophages following infection with either wt or the ΔnorB mutant derivative of Neisseria meningitidis. Monocyte derived macrophage cells were incubated with RPMI + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for 6 h followed by infection with wt or the ΔnorB mutant derivative of Neisseria meningitidis at an MOI of 10 for up to 20 h. Post infection, cells were harvested and stained with the mitochondrial membrane dye JC-1. Immediately prior to analysis cells were also stained with the viability dye TOPRO-3. (A) Cells were gated on TOPRO-3 and % survival indicates cells considered to be TOPRO-3 negative. Bars denote mean ± SEM, n=3, 2way ANOVA with Bonferroni’s Multiple Comparisons test. (B) The median fluorescent intensity, MFI, at both red and green from cells stained with JC-1 were obtained and the ratio was calculated to give an indication of the mitochondrial membrane potential. Bars denote mean ± SEM, n=3, 2way ANOVA with Bonferroni’s Multiple Comparisons test.
[bookmark: _Toc367660561]3.4 Discussion
In this study, data is presented demonstrating that bacterial NO detoxification impacts on the viability of J774.2 murine macrophage cells. These data suggest that removal of nitric oxide by the NorB enzyme of the bacteria may result in a traumatic necrotic fatality, as opposed to the more controlled programmed cell death that defines apoptosis. This is bolstered by evidence suggesting a decrease in caspase-3 activity and earlier destabilisation of the mitochondrial membrane potential in cells infected with wt bacteria when compared to those that lack the norB bacterial gene.  
Using a colorimetric caspase-3 assay kit, along with the apoptosis initiator staurosporine, it was shown that treatment of cell lysates with the nitrosylating agent CysNO is capable of inhibiting caspase-3 activity and this is dependent on oxidative modification of thiol residues, as the inclusion of the reducing agent DTT removed this inhibition. This supports previous work established in the literature, showing that exogenous NO is associated with an anti-apoptotic phenotype in cardiomyocytes due to suppression of caspase-3 activity via S‑nitrosylation (Maejima et al., 2005) and a similar effect is seen in adhesion fibroblasts (Jiang et al., 2009). It is interesting that the data seem to suggest that DTT treatment of unstimulated cells increased capase-3 activity to a level higher than that of cells that had received no treatment at all. Given data obtained by Mannick et al 1999, this might suggest an inherent level of S‑nitrosylation of caspase-3 that prevents surplus activation of apoptosis within the cells.
Once the ability of NO to impact on caspase-3 activity had been established, it was important to investigate the effect of infection with Neisseria meningtidis and to try and define the effect of the bacterial nitric oxide reductase enzyme, NorB. To this end, J774.2 macrophages were initially infected with bacteria for a period of 48 h and the caspase-3 activity measured at the indicated time points. These data suggested that although there is some minimal activation of caspase-3 activity at ~18 h post infection, this was not significantly different at any point. Moreover, there was no difference in activity between either wt or ΔnorB infected cells at any point. This is not entirely unexpected, given that previous work has shown that Neisseria infection inhibits the initiation of apoptosis in human macrophages due to the presence of PorB (Tunbridge et al., 2006). It is important to consider the experimental protocol and how it relates to the desired outcome when considering these experiments. For example, in order to establish if the presence of NorB is capable of exacting a response on caspase-3 activity, it is important that the enzyme is expressed during the timeframe of the experiment. Previous work within our group has indicated that in J774.2 macrophages it takes over 6 h for the iNOS enzyme to be expressed following stimulation with LPS and rmIFNγ. With this in mind, an infection time course was repeated including a 6 h pre-stimulation period to try and ensure that infection was taking place in an already NO rich environment, section 3.3.3. 
During the course of this second experiment there was a slight increase in caspase‑3 activity following 8 h of infection in both groups, but those infected with the ΔnorB mutant displayed slightly higher activity throughout the infection period, however this only became significantly different at 24 h post infection. This pattern was not unexpected when considered alongside previous work from the literature, which seems to suggest that the inhibition of human macrophages ability to undergo apoptosis when infected with Neisseria meningitidis is dependent on the bacteria’s ability to detoxify nitric oxide. This work also suggested that this process was caspase dependent (Tunbridge et al., 2006). However, the fact that the significant difference in caspase-3 activity between those cells infected with wt and ΔnorB bacteria was also reflected by a significant difference in bacterial numbers at 24 h meant that it could not be concluded that the difference observed was dependent on the NorB enzyme. For this reason the actin polymerisation inhibitor cytochalasin D was included from the start of the experiment, this prevents internalisation of bacteria, thus removing this as a potential affecter on apoptotic differences between wt and ΔnorB infected cells. It is important to consider at this point that this hypothesis was operating under the principle that as NO is freely diffusible across biological membranes and the concentration of NO produced by iNOS will be in excess; the NO produced will diffuse rapidly out of the cells where it will come into contact with the now entirely external bacteria. 
Upon the inclusion of cytochalasin D in these experiments it was shown that the significant difference between wt and ΔnorB infected cells is maintained at 24 h and the bacterial numbers remain the same. This is dependent on the availability of NO, as the presence of the iNOS inhibitor 1400w removes any difference between the two infection groups, leading to a significantly lowered caspase-3 activity in those cells infected with ΔnorB bacteria. 
Rather unexpectedly, when measuring the overall survival of the infected cells, a large reduction after 20 h was observed in those cells infected with wt bacteria compared to uninfected and ΔnorB infected. This was unusual as the initial caspase-3 experiments seemed to support previous literature suggesting that Neisseria meningitidis is preventative of cellular death in macrophages. This is especially important when it is put it into context with the JC-1 data, representing the mitochondrial membrane potential of the cell. Data has been presented suggesting that upon infection with wt bacteria there is a an early significant loss of mitochondrial membrane potential at 12 h when compared to those that remain uninfected or infected with bacteria lacking the NorB enzyme (figure 3.7). However, those cells also infected with the latter did eventually go on to show a loss in mitochondrial membrane potential after 16 h of infection. This would suggest that although by 20 h ΔnorB infected cells show no significant increase in cell death compared to those that were stimulated but remained uninfected, when considered alongside both this and the caspase-3 data it may be reasonable to suggest that they have begun to undergo a process of apoptosis. In contrast the wt infected cells, capable of detoxifying and removing NO, did not show any significant late increase in caspase-3 activity. The protective role of NO is further bolstered by the finding that addition of the iNOS inhibitor 1400w from the start of the experiment led to much decreased survival of those cells infected with ΔnorB bacteria, despite their inability to detoxify NO, bringing it to a level comparable to those infected with wt. These data would suggest that endogenous NO is protective in murine macrophages and the bacteria’s ability to detoxify NO is associated with a much increased and more necrotic cellular death. Previous literature has suggested that following initial pneumococcal bacterial clearance, NO accumulation switches human macrophages to an apoptotic phenotype; whereas inhibition of NO production shifted the cells to a necrotic death program (Marriott et al., 2004). Moderate to low levels of NO have also been associated with a necrotic phenotype due to respiratory inhibition and ATP depletion, especially when gylcolysis is inhibited by S-nitrosylation of GAPDH (Nicoterra et al 1999). Alternatively NO has been shown to directly activate MPT, leading to initiation of apoptosis by cytochrome c release (Borutaite et al 2000). It is also noteworthy that although stimulation with only LPS and rmIFNγ caused a slight decrease in survival of macrophage cells, this seemed to be increased, although not significantly, by the presence of 1400w. This would suggest that even in uninfected cells, NO is associated with a more protective phenotype.
Other work has also implicated infection in nitric oxide mediated alterations in macrophage cell death, with nitric oxide produced by the bacterium Bacillus anthracis leading to protein S-nitrosylation and apoptosis in RAW 264.7. This was mediated by inhibition of mitochondrial bioenergetic machinery (Chung et al., 2013). 
Although the data seems to suggest that endogenous NO is associated with an apopotic profile within the macrophage following infection, unfortunately it could not be conclusively proven based on the data provided. Due to ongoing problems with the apoptotic marker annexin V failing to stain, even in procendural control cells, it was not possible to determine the apoptotic preference of the cell. Fluorochrome conjugated annexin V is used as a probe to detect cells that have expressed phosphatidylserine on the cell surface, an event found in early stage apoptosis as well as other forms of cell death. This is typically used in conjunction with TOPRO-3 to establish whether cells can be considered to be apoptotic, late apoptotic/necrotic or necrotic. Previous literature has suggested that the use of cytochalasin D can inhibit phosphatidylserine externalization at the cell surface (Kunzelmann-Marche et al., 2001, Mateo et al., 2002); however experiments performed to try and identify the cause of this failure to stain were inconclusive. 
The data shown here provide evidence that although the affect of infection on cellular death is NO dependent, it is not via the most widely recognised route of NO based signalling, cyclic GMP. Inclusion of either the soluble guanylyl cyclase inhibitor, ODQ, or the cyclic GMP analogue, 8-Bromoguanosine 3′,5′-cyclic monophosphate, which is effective at activating the cGMP dependent protein kinases due to an increased resistance to hydrolysis by phosphodiesterases, exhibited no effect on the ability of wt infection to induce cell death. Nor did they impact on the survival of cells infected with the ΔnorB mutant. This would suggest that although nitric oxide may be playing a role in protecting the cell from necrotic death induced by infection with Neisseria meningitidis, this is not dependent on the most common form of nitric oxide based signalling. 
The assertion that this is a nitric oxide mediated protection has been backed up by using a variety of NO donors to try and rescue the cell from death. The nitrosothiol derivative SNAP releases NO under physiological conditions, thus making it a useful tool for studying the cellular actions of NO. However treatment of cells from the start of the infection period with SNAP had no impact on their survival following infection. In contrast, when the NO donor NOC-12 was used at a concentration of 100 μM there was an increase in the percentage of cells surviving following a wt infection and at 1 mM their survival was completely restored to the level of uninfected cells. An NO donor can be defined as a compound that produces NO-related activity when applied to biological systems and hence mimics endogenous NO-related responses or substitutes for an endogenous NO deficiency. However, the pathways leading to formation of NO differ greatly among individual compound classes, as do their chemical reactivities and kinetics of NO release. This may account for the discrepancies observed, especially considering that as a nitroso compound, SNAP is not ideal for long term donation, where as NOC-12, as an NO-amine complex, will spontaneously dissociate releasing 2 molecules of NO and the free amine without the need for a cofactor and displays a half life of at least 5 h in PBS at pH 7.4. 
Unfortunately, repetition of these experiments in human monocyte derived macrophages isolated from healthy volunteers did not replicate the results obtained from murine macrophages. However, this could be for several reasons and does not necessarily undermine the usefulness of the data in relation to investigating the potential role NorB plays in an infection setting. Human MDM’s have a much tighter regulation over iNOS expression and NO production than their murine counterparts, so it could be possible that there is not enough NO being produced for the NorB enzyme to be expressed, rendering all the bacteria effectively norB-. Due to time constraints the infection kinetics of these cells were not fully investigated, hence 6 h of pre-stimulation, as observed in murine macrophages, may be insufficient to induce iNOS expression in MDMs. 
While it could be argued that using a mouse cellular model is not representative of a natural or physiological infection with Neisseria meningitdis; especially in the presence of cytochalasin D, it is important to remember that nitric oxide and its role as a post-translational modifier transcends the species barrier. This work was intended as a proof of principle that the presence of the NorB enzyme and its ability to detoxify NO would have consequences on the cell and its response to the aforementioned infection. To that end, it has been shown that in the presence of the active NorB enzyme, infected cell survival is significantly perturbed as a result of the removal of nitric oxide from the system.














[bookmark: _Toc367660562]Chapter 4: Effect of Neisseria meningitidis infection on NO dependent activity of the p65 subunit of NFκB
[bookmark: _Toc367660563]4.1 Introduction
[bookmark: _Toc367660564]4.1.1 Nuclear Factor kappa B (NFκB) 
The term NFκB refers to a collection of structurally related proteins that complex to form transcription factors responsible for regulating over 150 target genes including inflammatory cytokines, chemokines, immunoreceptors, and cell adhesion molecules in response to stimuli including stress, cytokines, free radicals, ultraviolet irradiation and bacterial or viral antigens. NFκB is conserved throughout eukaryotes and found in almost all animal cell types. In brief, NFκB plays a key role in regulating cell responses, including the immune response to infection. Various inflammatory and autoimmune diseases have been associated with incorrect regulation of NFκB, including septic shock, viral infection and impeded immune development as well as a suggested role in cancer progression (Liu and Malik, 2006).
[bookmark: _Toc367660565]4.1.2 The NFκB family
The NFκB family of proteins is characterised by the occurrence of the highly conserved Rel Homology Domain (RHD), a 300 amino acid sequence leading to the formation of two immunoglobulin-like structures (Karin and Ben-Neriah, 2000). It is this structure that is responsible for most of the important interactions associated with NFκB. Members of this protein family include p50, p105, (NFκB1 heterodimer) p52, p100 (NFκB2 heterodimer), p65 (RelA) and RelB, amongst others (Ghosh and Karin, 2002). These proteins dimerise to form various combinations, including either homodimers or heterodimers of the REL/NFκB family members, although the most common form of NFκB is the p50/p65 heterodimer. It is this inherent multiplicity that allows such distinctive properties in terms of DNA binding preference and transcriptional competence and thus the ability to differentially regulate gene expression (Baldwin, 1996).
This diversity in potential dimer combinations also contributes to the selectivity of interaction with the inhibitory IκB isoforms. The IκB family of inhibitory proteins are associated with the regulation of NFκB activity and they include IkBα, IkBβ, IkBγ, IkBε, IkBζ, Bcl-3, p105 (NFκB1), p100 (NFκB2), and MAIL (Molecule possessing Ankyrin-repeats Induced by Lipopolysaccharide) (Baldwin, 1996). IκB binds to NFκB, masking the nuclear localisation signal, keeping the transcription factor sequestered in an inactive state in the cytoplasm. IκB proteins differ structurally and in their mode of activation, allowing diversity in terms of NFκB dimer binding preference and thus biological function (Moorthy and Ghosh, 2003). 
[bookmark: _Toc367660566]4.1.3 The signalling pathway
NFκB translocation can be initiated by a huge variety of activators and the signal transduction pathways leading to its activation are extremely complex, hence the exact mechanism for each is currently unknown. In the instance of bacteria and bacterial components an inflammatory response is triggered by binding to and activating their specific receptor. These membrane spanning proteins are known as Toll-Like Receptors, TLR’s, and these are the mammalian homologue of the Drosophila equivalent, the protein Toll (Anderson et al., 1985). To date humans have been demonstrated to possess 10 TLR subtypes, all of which consist of an extracellular leucine-rich domain, mediating the formation of homodimers or heterodimers between TLR’s, as well as a cytoplasmic TIR domain, which is essential for the assembly of downstream signaling complexes (Liu and Malik, 2006). Various different pathogens or pathogenic components utilise different receptor subtypes (Kawai and Akira, 2010).
The most widely understood signalling pathway is that occurring in response to the presence of LPS. In this instance, LPS interacts with the LPS-Binding Protein (LBP), and this facilitates its interaction with the TLR4 co-receptor, CD14. As a result, the TLR4 receptor is recruited to the membrane as a homodimer, along with MD-2 to form the full receptor complex (Miyake, 2004). Various signalling molecules are recruited to the complex, including Toll-Interleukin 1 Receptor (TIR) domain containing Adaptor Protein (TIRAP) and MyD88. The MyD88 adaptor protein contains a TIR domain located at the N-terminus, which facilitates the interaction with TLR4, and a domain at the C-terminus that mediates recruitment and interaction with IL-1 Receptor-Associated Kinase-1 (IRAK-1) and IRAK-4 (Akira and Takeda, 2004, Yamamoto et al., 2004). There are multiple different adaptor proteins that link to different downstream signalling pathways, the immediate downstream molecule for MyD88 and TIRAP is TRAF6 (Yamamoto et al., 2004).  
In a much simplified model of signalling; TRAF6 association with the TLR complex and IRAK1/4 leads to its activation and release from the complex along with IRAK1/4 in a new IRAK1/4 – TRAF6 complex. Interaction with a variety of other complex proteins eventually leads to TRAF6 mediated activation of TAK1 and the resultant activation of IKK, the IκB kinase (Yamamoto et al., 2004). This enzyme is responsible for the phosphorylation of IκB inhibitor proteins. This phosphorylation allows them to be recognised by the ubiquitin ligase complex, which mediates polyubiquitination of IκB proteins, allowing them to be degraded by the 26S proteasome system. This releases the NLS of NFκB, allowing it to translocate to the nucleus and bind to its specific oligonucleotide sequence on the promoter or enhancer region of NFκB regulated genes. This activates the transcription of potentially hundreds of genes, including cytokines and chemokines involved in inflammation and cell recruitment as well as iNOS (Liu and Malik, 2006). 
[bookmark: _Toc367660567]4.1.4 Involvement in sepsis and septic shock
As well as being involved in numerous ‘appropriate’ inflammatory responses, NFκB has also been associated with septic shock. The pathophysiology associated with sepsis involves a series of complicated inflammatory mediator networks, to whose activation NFκB stimulation is a key event. NFκB is activated by numerous pathogens associated with septic shock syndrome, including Neisseria meningitidis, which has been demonstrated to operate through the TLR4 receptor pathway (Hellerud et al., 2008). During septic shock, NFκB activity is noticeably increased in all organs investigated, including those from animal models and from human patients displaying sepsis. Indeed, the level of NFκB activity correlates with the severity of disease as well as mortality, with non-surviving patients displaying higher activity compared to those that survived (Arnalich et al., 2000, Bohrer et al., 1997). Many of the 200+ genes activated by NFκB are thought to play an important role in the development of septic shock (Liu and Malik, 2006). Mice that are deficient in a number of these dependent genes have been shown to be resistant to the development of septic shock. Furthermore, inhibition of NFκB activation prevents multiple organ failure and therefore improves survival in a rodent sepsis model (Altavilla et al., 2002). Blockade of NFκB has also been shown to ameliorate various abnormalities associated with sepsis, including myocardial dysfunction, intravascular coagulation, microvascular endothelial leakage and neutrophil influx into tissue (Liu and Malik, 2006).
[bookmark: _Toc367660568]4.1.5 Regulation of NFκB
In addition to the regulation of nuclear localisation, NFκB activity is also regulated by a variety of alternative mechanisms to ensure strict control over its activity. These include regulation of the recruitment of NFκB to the promoter or enhancer sequence of target genes, regulation of transcriptional activity following recruitment, as well as positive and negative feedback mechanisms. These are principally mediated by either: interaction with transcriptional co-activators or repressors or, the mechanism of most interest for the purposes of this investigation, direct post-translational modification of NFκB proteins and signalling components (Liu and Malik, 2006). The various NFκB proteins are regulated by a variety of post-translational modifications, including phosphorylation (Hou et al., 2003), acetylation (Chen and Greene, 2003), S-glutathionylation (Pineda-Molina and Lamas, 2002) and S-nitrosylation (Marshall and Stamler, 2001). These can have both synergistic and antagonistic effects on NFκB binding depending on the location and component involved. For the purposes of this chapter, the modification that is of most interest is the process of S-nitrosylation. As discussed in chapter 1, protein S‑nitrosylation has emerged as a major molecular mechanism underlying iNOS dependent inhibition of the immune response. The NFκB signalling pathway provides a superlative example of this, with several protein members of the cascade having been identified as candidates for S-nitrosylation (figure 4.1). 
Proteins involved in the NFκB signalling pathway that are modulated by S‑nitrosylation include the adaptor protein MyD88 (Into et al., 2008), as well as the IKK enzyme essential for the canonical activation of NFκB (Reynaert et al., 2004). Mutation of the Cys-179 residue of this enzyme to an inert alanine eradicated the inhibitory effect of SNO formation. Mechanisms including stabilization of IκB, induction of IκB mRNA (Peng et al., 1995, Ckless et al., 2008) and prevention of nuclear translocation of NFκB (Okamoto et al., 2002) have also been suggested. However, the predominant mechanism appears to be as a result of direct S‑nitrosylation of the NFκB dimer. This has been shown to occur on a critical cysteine thiol at position 62 of the p50 subunit and this has inhibitory ramifications, preventing binding of the transcription factor to DNA (Marshall and Stamler, 2001). By far the most extensively studied mechanism is that of S‑nitrosylation of a conserved cysteine within the Rel homology domain of the p65 subunit, this correlates with inhibition of DNA binding and gene transcription (Kelleher et al., 2007). An in vivo model has also shown that LPS induced iNOS expression in the airway epithelium of mice mediates S-nitrosylation of p65, thus attenuating NFκB transcriptional activity, preventing expression of various pro-inflammatory genes. This all suggests a perhaps paradoxically anti-inflammatory role for iNOS (Marshall et al., 2009).
In this way, protein S-nitrosylation inhibits NFκB activation at both the cytoplasmic and nuclear level. Given that aberrant NFκB activation is notorious in sepsis and septic shock and the transcription factor pathway is so sensitive to SNO based regulation, which seems to be dependent on the expression of iNOS; the experiments described in this chapter were carried out to determine whether infection with a NorB expressing meningococcal strain had any impact on this process. This would help to elucidate whether improper regulation of NFκB could be a functional consequence of NorB-mediated SNO depletion and go some way to explaining the extreme inflammatory response often associated with sepsis in response to meningococcal infection. 
[bookmark: _Toc367660569]
4.2 Principles and methodology
In order to investigate the impact of infection and the presence or absence of the NorB enzyme on NFκB activity, it was decided that the p65 Transcription factor assay kit (Cayman Chemical) would be used. This is a sensitive method for detecting specific transcription factor DNA binding activity in nuclear extracts. A 96-well Enzyme-Linked Immunosorbent Assay (ELISA) with specific double stranded DNA (dsDNA) sequence containing the NFκB response element immobilized onto the bottom of wells was utilised. Non-sequestered NFκB, such as that contained in a nuclear extract, binds specifically to the response element. NFκB (p65) is detected by addition of specific primary antibody directed against p65. A secondary antibody conjugated to HRP is added to provide a sensitive colorimetric readout at 450 nm. 
This was combined with S-nitrosothiol Resin Assisted Capture (SNO-RAC), to allow detection of individual S-nitrosylated proteins, in this case p65. A variant of the Biotin Switch Technique (BST, Jaffery et al, 2001), the SNO-RAC is comprised of three key steps, the first step involves the blocking of free thiols on cysteines by a process known as S-methylthiolation and this is achieved by the use of a reactive thiosulfonate (for example, MMTS). The second step involves liberation of free thiol, via the specific reaction of the SNO group with ascorbate. This is followed by capture of nascent thiols with a thiol-reactive resin, which results in a covalent disulfide linkage between the formerly S-nitrosylated cysteine residue and the resin. Proteins attached to the resin in this way are amenable to ‘on-resin’ trypsinization and peptide labeling allowing subsequent mass spectrometric analysis. In this instance samples were reduced off the beads and analysed using a western blot with a primary antibody raised against p65. 


[bookmark: _Toc367544640][bookmark: _Toc367544800][bookmark: _Toc367545073][bookmark: _Toc367661057][image: ]Figure 4.1: Feedback regulation of the NFκB signalling pathway due to the S‑nitrosylation of various target proteins. NFκB activation leads to the expression of iNOS. This in turn produces NO and leads to the S‑nitrosylation of various targets, including MyD88, the IKK enzyme as well as p50 and p65. This inhibits their respective activities, preventing further activation of NFκB.   

[bookmark: _Toc367660570]4.3 Results
[bookmark: _Toc367660571]4.3.1 The ability of p65 to bind to its DNA transcription factor response element is modulated by artificial S-nitrosylation using an exogenous trans-nitrosylation agent
Rationale and methods
In order to establish whether or not the ability of the NorB enzyme of Neisseria meningitidis to deplete SNO had an impact on NFκB activity, it was first important to ascertain whether NFκB was indeed modulated in the same manner as described previously and whether artificial S-nitrosylation of the transcription factor would impinge on its ability to bind to its DNA response element. The first step was to determine how treatment with S-nitrosocysteine (CysNO), a potent trans-nitrosylating agent, in the presence or absence of the reducing agent DTT would influence the activity of the p65 subunit of NFκB.  
J774.2 murine macrophages were seeded in T-25 flasks and where appropriate were stimulated with 500 ng ml-1 LPS for a period of 30 minutes. Following treatment, nuclei were isolated (section 2.3.4.2) and lysed (section 2.3.4.3). Lysates were split into three and treated with 500 μM CysNO ± 20 mM DTT for a period of 30 minutes at 37°C, 5 % CO2. Lysates were then analysed for p65 activity using the transcription factor binding assay (section 2.7.3.1). Whole cell lysates were also subjected to the SNO-RAC (section 2.5.3.2) followed by analysis with a western blot (section 2.6.2) and probed with anti-p65 primary antibody (section 2.7.1). 
Results
LPS stimulated cell nuclear lysates showed a detectable level of p65 binding activity as measured by the OD450nm (0.48 ± 0.1). However, following a 30 minute treatment with CysNO, this showed a significant decrease, with the measurable OD450nm falling by over 50 % (0.13 ± 0.04) (figure 4.2 A). 
To try and link this decrease in p65 activity with the direct modification of thiol residues, the reducing agent DTT was also included. In lysates that had been subjected to treatment with CysNO in the presence of DTT, this significant decrease was removed, with lysates demonstrating a level of p65 binding activity almost identical to those that had not been treated with CysNO at all (0.45 ± 0.08 OD450nm) (figure 4.2 A). In order to prevent excess DTT from interfering with the binding of p65 to the immobilised DNA on the plate, all lysates were passed through a bio-rad micro-spin 6 column prior to addition to the 96 well plate. 
As expected, there was a strong band representing total cellular p65 in the extract that had not been added to the SNO-RAC resin. Following SNO-RAC pulldown of S‑nitrosylated proteins and probing with anti-p65 antibody, the intensity of the band by direct visualisation was much less, however it was still visible, indicating the presence of low levels of S-nitrosylated p65. The band intensity was greatly increased in the portion of lysate treated with CysNO, representing an increase in S‑nitrosylated p65. This increase in band intensity was not observed in the portion of cell lysate treated with both CysNO and DTT (figure 4.2 B). 
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[bookmark: _Toc367544641][bookmark: _Toc367544801][bookmark: _Toc367545074][bookmark: _Toc367661058]Figure 4.2: Binding activity of p65 as measured by transcription factor assay and S-nitrosyaltion status as measured by SNO-RAC and western blot following treatment with CysNO ± the reducing agent DTT. J774.2 murine macrophages were stimulated with 500 ng ml-1 of LPS for 30 minutes. Cells were subsequently either lysed, in the case of the SNO-RAC, or nuclei were extracted and lysed for the p65 assay. Cell lysates were split into 3 and treated with either 500 μM CysNO only, or in the presence of 20 mM DTT. (A) p65 binding activity was assessed using a transcription factpr binding assay kit. Bars denote mean ± SEM, *p<0.05, n=4, 1way ANOVA with Bonferroni’s Multiple Comparisons test . (B) S-nitrosylation status of p65 was assessed by the SNO-RAC protocol followed by an immunoblot. Equal amounts of proteins eluted from the resin were separated by SDS-PAGE along with an equal amount of protein from a whole cell lysate. Following transfer to a PVDF membrane, proteins were probed with a 1:500 dilution of anti-p65 IgG. Blots were developed on hyperfilm using ECL detection reagents.
[bookmark: _Toc367660572]4.3.2 The binding activity of p65 is increased in response to LPS and rmIFNγ stimulation but is modulated by NO-dependent S‑nitrosylation of p65
Rationale and methods
Having established that an exogenous source of SNO can regulate the binding capacity of p65, and thus NFκB, it was decided to establish if iNOS produced in response to LPS stimulation would also lead to S‑nitrosylation of p65 and whether this would impact on its relative DNA binding activity. This has previously been shown to be the case in RAW 264.7 cells by the Stamler group, who have demonstrated the existence of an inhibitory feedback cycle, whereby nitric oxide produced by iNOS prevents further expression of NFκB regulated proteins (Kelleher et al., 2007). 
As such, J774.2 cells were stimulated with LPS and rmIFNγ for a period of up to 12 h. Where indicated in figure 4.3 A, the iNOS inhibitor 1400w was also included for the entirety of the experiment. Isolated nuclei (section 2.3.4.2) were lysed (section 2.3.4.3) and lysates were analysed for p65 activity using the transcription factor binding assay (section 2.7.3.1). Whole cell lysates were also subjected to the SNO-RAC (section 2.5.3.2) followed by analysis with a western blot (section 2.6.2) and probed with anti-p65 primary antibody (section 2.7.1). 
Results
Upon stimulation with LPS and rmIFNγ for 2 h there was a significant increase in detectable p65 activity (0.79 ± 0.05 OD450nm) in nuclear extracts compared to activity in unstimulated cells (0.61 ± 0.05 OD450nm) irrespective of treatment with 1400w (*p<0.05, 1way ANOVA with Bonferroni’s Multiple Comparisons test) (figure 4.3 A). There was no significant difference at 2 h following LPS and rmIFNγ stimulation between cells treated with 1400w and untreated cells (LPS/rmIFNγ + 1400w = 0.81 ± 0.04 OD450nm). This was also observed at 4, 6, and 8 h post stimulation, although the levels of p65 activity displayed a trend for decreasing over time. At 12 h post stimulation there was a significant difference in activity of nuclear extracts between cells that had received 1400w treatment (0.57 ± 0.02 OD450nm) compared to untreated cells (0.39 ± 0.02 OD450nm), with iNOS inhibition (+1400w) resulting in a higher OD450nm, suggesting increased p65 DNA binding activity in these cells (figure 4.3 A). 
The immunoblot in figure 4.3 B shows there was very little or no S-nitrosylated p65 in unstimulated samples, or cells that had been stimulated with LPS and rmIFNγ for 2 h. The presence or absence of 1400w made no detectable difference. The very intense band observed in lane 7 represents exogenously trans-nitrosylated SNO-p65, derived from an extract treated with CysNO (positive control). The extract in lane 8 was also treated with DTT to reduce any SNO that had formed. This was used as a negative procedural control. Following 12 h of stimulation with LPS and rmIFNγ there is a visible band observed in lane 5 on the immunoblot from whole cell lysates subjected to the SNO-RAC. This band was not observed in extracts from cells that were also treated with 1400w for the duration of the 12 h. All cellular extracts subjected to the SNO-RAC had a detectable and equivalent level of p65 in the input fraction as indicated in the top section of the blot.  

[bookmark: _Toc367660573]4.3.3 LPS and rmIFNγ stimulation leads to total nuclear p65 accumulation, which decreases over time in an NO independent manner
Rationale and methods
In order to further validate the role of p65 S-nitrosylation as the main source of inhibition, it was decided that the total level of nuclear p65 would be measured; to elucidate whether inhibiting iNOS impacts on the translocation of p65, or just it’s DNA binding capability.
To this end, nuclear lysates obtained as stated in section 4.3.2 were subjected to a second sandwich ELISA for total p65 (section 2.7.3.2).


Results
Upon stimulation with LPS and rmIFNγ for 2 h, there was a significant increase in total p65 present in the nucleus (53.4 ± 1.67 pg ml-1) compared to unstimulated cells (41.1 ± 0.38 pg ml-1) and this was independent of the presence of 1400w (Un = 38.4 ± 1.56, LPS/rmIFNγ = 51.2 ± 2.57 pg ml-1). At 12 h post stimulation, there was a return to basal levels of total p65 present in the nucleus (33.8 ± 1.09 pg ml-1) when compared to the amount detected at 2 h and this was the same when comparing nuclear lysates from cells incubated in the presence of 1400w at 2 and 12 h (38.2 ± 2.36 pg ml-1). Importantly, there was no significant difference in nuclear levels of p65 from cells that had or had not been treated with 1400w at 12 h post stimulation (figure 4.4). The fact that the levels of total nuclear p65 are the same in unstimulated cells and cells stimulated with LPS/rmIFN for 12 h, suggests that the major mechanism of inhibition of p65 binding, seen in section 4.3.2, is attributable to S‑nitrosylation of nuclear p65, and not through one of the other nitrosylation dependent mechanisms present in the cytoplasm.

[bookmark: _Toc367660574]4.3.4 Neisseria meningitidis infection leads to an initial increase in p65 DNA binding activity which decreases over time, however the ability of bacteria to detoxify NO has no impact on transcription factor binding
Rationale and methods
It is well documented in the literature that bacterial infection leads to activation of transcriptional regulators, including NFκB, which can lead to systemic inflammatory response syndrome, often resulting in significant mortality in individuals displaying sepsis. Having demonstrated the modulation of NFκB DNA binding through post-translational modification of the p65 subunit, it was decided to investigate how NFκB from murine macrophages responds to an infection with N. meningitidis and whether the ability of the bacteria to detoxify NO has an impact on the specific binding of p65. 
J774.2 cells were infected with mid log phase wt Neisseria meningitidis or the ΔnorB mutant derivative at an MOI of 10 and infection was followed by a period of co-incubation for up to 12 h. Supernatant aliquots were taken at each time point and viable counts performed. Isolated nuclei (section 2.3.4.2) were lysed (section 2.3.4.3) and lysates were analysed for p65 activity using the transcription factor binding assay (section 2.7.3.1). 
Results
An infection with N. meningitidis led to a significant increase in p65 binding activity after 2 h (1.17 ± 0.26 OD450nm), as measured by transcription factor binding assay, when compared to nuclear lysates from cells that had remained uninfected (0.69 ± 0.069 OD450nm). At 6 h post infection this binding activity had begun to decline and this trend continued until 12 h post infection, where basal levels of NFκB binding were observed. There was no significant difference in p65 binding activity from nuclear lysates of cells infected with wt or ΔnorB bacteria at any time point investigated (figure 4.5 A). 
There was also, importantly, no significant difference between the viable counts obtained from either wt or ΔnorB infected inocula medium (figure 4.5 B) or cell supernatants (figure 4.5 C) at any time point. 
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[bookmark: _Toc367544642][bookmark: _Toc367544802][bookmark: _Toc367545075][bookmark: _Toc367661059]Figure 4.3: Binding activity of p65, as measured by transcription factor binding assay, and S-nitrosylation status, as measured by SNO-RAC and western blot, following stimulation with LPS and rmIFNγ ± 1400w. J774.2 murine macrophages were stimulated with 1 μg ml-1 of LPS and 100 units ml-1 of rmIFNγ for a period of 12 h. Cells were subsequently either lysed, in the case of the SNO-RAC, or nuclei were extracted and lysed for the p65 assay. (A) p65 binding activity was assessed using a transcription factor binding assay kit. Bars denote mean ± SEM, *p<0.05, n=4, 2way ANOVA with Bonferroni’s Multiple Comparisons test. (B) S-nitrosylation status of p65 was assessed by the SNO-RAC protocol followed by an immunoblot. Equal amounts of proteins either from the input fraction (top blot) or eluted from the resin (bottom blot) were separated by SDS-PAGE. Following transfer to a PVDF membrane, proteins were probed with a 1:500 dilution of anti-p65 IgG.  Blots were developed on hyperfilm using ECL detection reagents. Lane 1 = Unstimulated, 2 = Unstimulated + 1400w, 3 = LPS/rmIFNγ 2h, 4 = LPS/rmIFNγ 2h + 1400w, 5 = LPS rmIFNγ 12h , 6 = LPS/rmIFNγ 12h + 1400w, 7 = + 500 μM CysNO, 8 =  + 500 μM CysNO + 20 mM DTT.













[bookmark: _Toc367544643][bookmark: _Toc367544803][bookmark: _Toc367545076][bookmark: _Toc367661060]Figure 4.4: Total nuclear p65, as measured by sandwich ELISA following stimulation with LPS and rmIFNγ ± 1400w. J774.2 murine macrophages were stimulated with 1 μg ml‑1 of LPS and 100 units ml-1 of rmIFNγ for a period of up to 12 h. Nuclei were subsequently extracted and lysed and total p65 was assessed using a sandwich ELISA kit. Bars denote mean ± SEM, **p<0.01, ***p<0.001, n=3, 1way ANOVA with Tukey’s Multiple Comparisons test.
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[bookmark: _Toc367661061]Figure 4.5: Binding activity of p65 as measured by transcription factor binding assay following infection with wt or ΔnorB Neisseria meningitidis. J774.2 murine macrophages were infected with mid log phase bacteria at an MOI of 10 for a period of 12 h. Nuclei were subsequently extracted and lysed. (A) p65 binding activity was assessed using a transcription factpr binding assay kit. Bars denote mean ± SEM, *p<0.05, ***p<0.001, n=4, 1way ANOVA with Tukey’s Multiple Comparisons test. The number of bacteria present in both (B) the inocula, and (C) the output supernatant, assessed by performing a serial dilution and plotted as the number of colony forming units present per ml of media. 


[bookmark: _Toc367660575]4.3.5 The ability of the bacteria to detoxify NO has no impact on p65 binding activity following infection of pre-stimulated J774.2 murine macrophages with Neisseria meningitidis 
Rationale and methods
Given that iNOS expression is below the limits of detection until at least 6 h post cell stimulation (Laver et al., unpublished data), it was decided to investigate whether a difference in p65 activity between cells infected with either wt or ΔnorB bacteria could be measured following a period of activation with LPS and rmIFNγ. This treatment elicits NFκB release and nuclear translocation, leading to iNOS expression and subsequent production of NO. Our previous results demonstrated an NO-dependent reduction in the DNA binding activity of p65 after 12 h of LPS/rmIFNγ stimulation, an effect mediated through the S‑nitrosylation of p65. By infecting cells after 6 h of LPS/rmIFN stimulation, we ensure that NO is present in our model, which is very important to ensure the expression of the partial dentrification pathway in the bacteria; and also temporally precede the S‑nitrosylation of the p65 subunit of NFκB. If bacterial NO detoxification has any effect on this process, then the conditions used in these experiments should maximise the likelihood of observing it. 
J774.2 murine macrophages were stimulated with LPS and rmIFNγ for 6 h. This was followed by a period of co-infection with mid log phase wt or ΔnorB bacteria for up to 12 h. Supernatants were taken at each time point and viable counts performed. Isolated nuclei (section 2.3.4.2) were lysed (section 2.3.4.3) and lysates were analysed for p65 activity using the transcription factor binding assay (section 2.7.3.1). Cells stimulated with LPS for 30 minutes were used as a positive assay control.
Results
Stimulation with LPS and rmIFNγ led to a significant increase in p65 binding activity when compared to unstimulated cells. This indicated the assay was working as expected. After a period of 6 h stimulation followed by 2 h of infection there was no significant difference between the p65 DNA binding activity of these lysates when compared to those that remained unstimulated and uninfected. There was also no significant difference in p65 binding activity in nuclear lysates from those cells infected with either wt or ΔnorB bacteria at this time point (wt = 0.80 ± 0.08, ΔnorB = 0.9 ± 0.05 OD450nm). Over the course of the 12 h infection time course there was a decline in p65 binding activity in both infection groups. At 12 h post infection this decline was significantly different from the activity at 2 h post infection for both wt infected cell nuclear lysates (12 h = 0.46 ± 0.03 OD450nm) and those produced from cells infected with ΔnorB bacteria (12 h = 0.41 ± 0.02 OD450nm). The p65 binding activity in infected lysates at 12 h post infection was also significantly less than those that had remained unstimulated and uninfected for the duration of the time course (figure 4.6 A). 
There was no significant difference between the viable counts obtained from cell supernatants for both wt and ΔnorB at any of the time points measured (figure 4.6 B). 

[bookmark: _Toc367660576]4.3.6 A variety of different mutant strains of Neisseria meningitidis, lacking enzymes involved in the partial denitrification pathway, have no impact on p65 binding activity in J774.2 murine macrophages 
Rationale and methods
Since the presence or absence of the NorB enzyme appeared to have no impact on the binding activity of p65 following 12 h of infection, even though nitric oxide appears to play a role in its regulation, it was decided that a variety of other NO related mutant strains of MC58 would be investigated. These included the nitrite reductase deficient mutant, ΔaniA as well as a mutant lacking the nitric oxide-sensitive repressor NsrR, ΔnsrR; this mutant is unable to repress the expression of norB and therefore NorB is constitutively expressed. Another mutant, which lacks both NsrR and AniA, ΔnsrR/ΔaniA, was also utilised. It was decided that the infections would be carried out without pre-stimulating the J774.2 cells, however the bacterial growth media was spiked with a nitric oxide donor to ensure that they had been exposed to NO throughout their growth and incubation. This would stimulate expression of the various enzymes of interest prior to macrophage infection. 
The mutant strains were grown to mid log phase in MHB spiked with 50 µM spermine NONOate. Spermine NONOate spontaneously decomposes at neutral pH to release two moles of NO per mole of the donor molecule. J774.2 murine macrophages seeded in T-25 flasks were subsequently infected with the bacteria for either 2 or 12 h. Supernatants were taken at each time point and viable counts performed. Isolated nuclei (section 2.3.4.2) were lysed (section 2.3.4.3) and lysates were analysed for p65 activity using the transcription factor binding assay (section 2.7.3.1). Cells stimulated with LPS for 30 minutes were used as a positive assay control.
Results
Infection with all strains of Neisseria meningitidis led to a significant increase in p65 binding activity at 2 h when compared to uninfected cells, as seen previously in section 4.3.3. By 12 h this level of activity had returned to the basal levels (ΔaniA = 0.71 ± 0.1; ΔnsrR = 0.71 ± 0.13; ΔnsrR/ΔaniA = 0.6 ± 0.12 OD450nm). There was no significant difference between any of the infection groups compared to one another at either 2 h post infection, or at 12 h (figure 4.7). 

[bookmark: _Toc367660577]4.3.7 Inhibition of the inducible nitric oxide synthase, iNOS, has no impact on p65 binding activity in J774.2 murine macrophages following infection with a variety of mutant derivatives of Neisseria meningitidis, despite preventing the resultant S-nitrosylation of p65
Rationale and methods
Given that the ability of bacteria to produce or detoxify NO appeared to have no influence on the cellular regulation of p65 binding activity, it was decided that the iNOS inhibitor 1400w would also be included throughout the course of the experiment. This would help to establish if, in response to an infection, cellular NO could regulate NFκB activity in the same way as observed for cells stimulated with LPS and rmIFNγ for a period of 12 h. 
As such, cells were infected in the same manner as described in section 4.3.5; however only the mutant derivatives ΔnorB and ΔnsrR/ΔaniA were used, 1400w was also included at a concentration of 100 μM for the duration of the experiment. Isolated nuclei (section 2.3.4.2) were lysed (section 2.3.4.3) and lysates were analysed for p65 activity using the transcription factor binding assay (section 2.7.3.1). Whole cell lysates were also subjected to the SNO-RAC (section 2.5.3.2) followed by analysis with a western blot (section 2.6.2) and probed with anti-p65 primary antibody (section 2.7.1).
Results
As observed previously, the increase in p65 activity following bacterial infection became apparent at 2 h. This was again followed by a decrease in activity, reaching baseline at 12 h. In the presence of 1400w there was no significant difference in p65 DNA binding activity of NFκB at 12 h when compared to those cells that had been infected in the absence of iNOS inhibition. There was also no difference between any of the infection groups compared to one another both in the presence or absence of 1400w (figure 4.8 A). 
[bookmark: OLE_LINK7]The immunoblot shown in figure 4.8 B indicates that in the absence of any stimulation or infection there is no band, indicating undetectable levels of constitutively S‑nitrosylated p65. This correlates with the findings from section 4.3.2. Following a period of 12 h post infection there was a distinct band present in lane 2 of the lower blot, indicating an increase in SNO-p65 from cells infected with wt bacteria. An identical band is observed in both lanes 3 and 4, representing p65 from cells infected with ΔnorB and ΔnsrR/ΔaniA bacteria, respectively. When 1400w was included in the experiment, there was a decrease in the intensity of the band, and in some instances it was absent altogether. This represents a lower level of SNO-p65 in whole lysates from infected cells when iNOS is inhibited. All cellular extracts subjected to the SNO-RAC had a detectable and equivalent level of p65 in the input fraction as indicated in the top section of the blot.
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[bookmark: _Toc367544645][bookmark: _Toc367544805][bookmark: _Toc367545078][bookmark: _Toc367661062]Figure 4.6: Binding activity of p65 as measured by transcription factor binding assay of nuclear lysates from activated murine macrophages following infection with wt or ΔnorB Neisseria meningitidis. J774.2 murine macrophages were stimulated with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for a period of 6 h. Cell were subsequently infected with mid log phase bacteria for a period of 12 h. Nuclei were extracted and lysed and 20 μg of total protein added to the transcription factor binding assay plate. (A) p65 binding activity was assessed using a transcription factor binding assay kit. Bars denote mean ± SEM, *p<0.05, **p<0.01, ***p<0.001, n=3, 1way ANOVA with Tukey’s Multiple Comparisons test. The number of bacteria present in both the inocula (B) and the output supernatant (C) assessed by performing a 10 fold serial dilution and plotted as the number of colony forming units present per ml of media. 

	











[bookmark: _Toc367544646][bookmark: _Toc367544806][bookmark: _Toc367545079][bookmark: OLE_LINK6]
[bookmark: _Toc367661063]Figure 4.7: Binding activity of p65 as measured by transcription factor binding assay of nuclear lysates from murine macrophages following infection with a variety of denitrification mutants of Neisseria meningitidis. J774.2 murine macrophages were infected with mid log phase bacteria for a period of 2 or 12 h. Nuclei were extracted and lysed and 20 μg of total protein added to the transcription factor binding assay plate. Bars denote mean ± SEM, **p<0.01, n=3, 2way ANOVA with Bonferroni’s Multiple Comparisons test. 
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[bookmark: _Toc367544647][bookmark: _Toc367544807][bookmark: _Toc367545080][bookmark: _Toc367661064]Figure 4.8: Binding activity of p65, as measured by transcription factor binding assay of nuclear lysates from murine macrophages following infection with a variety of denitrification mutants of Neisseria meningitidis in the presence of 1400w. J774.2 murine macrophages were infected with mid log phase bacteria for a period of 2 or 12 h. Cells that were infected with bacteria for 12 h in the presence of 100 μM 1400w were also included. Cells were subsequently lysed, in the case of the SNO-RAC, or nuclei were extracted and lysed and 20 μg of total protein added to the transcription factor binding assay plate. (A) p65 binding activity was assessed using a transcription factor binding assay kit. Bars denote mean ± SEM, n=5. (B) S‑nitrosylation status of p65 following 12 h of infection was assessed by the SNO-RAC protocol followed by an immunoblot. Equal amounts of proteins either from the input fraction (top blot) or eluted from the resin (bottom blot) were separated by SDS-PAGE. Following transfer to a PVDF membrane, proteins were probed with a 1:500 dilution of anti-p65 IgG. Blots were developed on hyperfilm using ECL detection reagents.
[bookmark: _Toc367660578]4.3.8 Infection with a variety of Neisseria meningitidis denitrification mutants at an MOI of 1 is not sufficient to induce p65 activity as detectable by transcription factor binding assay
Rationale and methods
It was considered that an MOI of 10 might be too high for any differences in the cellular response to the bacteria to become evident. If the cells were overwhelmed by their interaction with the bacteria, it might have masked any affect due to NorB depletion of NO. To this end a lower MOI of 1 was used. In this instance J774.2 macrophages were infected with mid log phase bacteria at a ratio of one bacterium per cell to be infected. This was followed by a period of co-infection of either 2 or 12 h. Cells that were infected for 12 h in the presence of 100 μM 1400w for the duration of the experiment were also included.  Supernatants were taken at each time point and viable counts performed. Isolated nuclei (section 2.3.4.2) were lysed (section 2.3.4.3) and lysates were analysed for p65 activity using the transcription factor binding assay (section 2.7.3.1). Cells stimulated with LPS for 30 minutes were used as a positive assay control.
Results
It was evident from figure 4.9 that an MOI of 1 was insufficient to activate translocation of NFκB to the nucleus. This is substantiated by a lack of increased p65 DNA binding activity following 2 h of infection when compared to those cells that remained uninfected (Un = 0.47 ± 0.04; wt 2 h = 0.48 ± 0.03 OD450nm). The binding activity of p65 did not rise above this baseline for any of the infection groups at the time points tested. At 12 h post infection the level of p65 DNA binding activity was no different from those cells that had remained uninfected or those cells that had been infected for only 2 h. The presence of 1400w throughout the experiment made no difference to p65 DNA binding levels. 





[bookmark: _Toc367544648][bookmark: _Toc367544808][bookmark: _Toc367545081][bookmark: _Toc367661065]Figure 4.9: Binding activity of p65 as measured by transcription factor binding assay of nuclear lysates from murine macrophages following infection with a variety of denitrification mutants of Neisseria meningitidis at an MOI of 1. J774.2 murine macrophages were infected with mid log phase bacteria at an MOI of 1 for a period of 2 or 12 h. Nuclei were extracted and lysed and 20 μg of total protein added to the transcription factor binding assay plate. Bars denote mean ± SEM, n=3.














[bookmark: _Toc367544649][bookmark: _Toc367544809][bookmark: _Toc367545082][bookmark: _Toc367661066]Figure 4.10: Binding activity of p65 as measured by transcription factor binding assay of nuclear lysates from murine macrophages following infection with a variety of denitrification mutants of Neisseria meningitidis for a period of up to 20 h. J774.2 murine macrophages were infected with mid log phase bacteria at an MOI of 10 for a period of 2, 16 or 20 h. Nuclei were extracted and lysed and 20 μg of total protein added to the transcription factor binding assay plate. Bars denote mean ± SEM, n=3. 


[bookmark: _Toc367660579]4.3.9 An increased co-incubation period with partial denitrification pathway mutants failed to draw out significant differences in p65 DNA binding activity
Rationale and methods
It was thought that the 12 h infection schedule may not provide long enough for a difference to be elucidated. Therefore in order to rule out the possibility that variation between infection groups was being missed, it was decided to investigate whether a difference would become apparent if the infection was carried out for 16 and 20 h. 
To this end, J774.2 cells were infected with wt, ΔnorB and ΔnsrR/ΔaniA bacteria for the period of time indicated. Supernatants were taken at each time point and viable counts performed. Isolated nuclei (section 2.3.4.2) were lysed (section 2.3.4.3) and lysates were analysed for p65 activity using the transcription factor binding assay (section 2.7.3.1). Cells stimulated with LPS for 30 minutes were used as a positive assay control.
Results
Following 2 h of infection with bacteria there was an increase in p65 binding activity when compared to those cells that remained uninfected (0.32 ± 0.12 OD450nm). This increase was similar between wt bacteria (0.57 ± 0.1 OD450nm) and both mutant derivatives (ΔnorB = 0.46 ± 0.16; ΔnsrR = 0.55 ± 0.15 OD450nm). By 16 h post infection, all infection groups had displayed a drop in p65 activity back to the level of uninfected cells; there was no significant difference between any of the different bacteria at this time. At 20 h post infection, p65 displayed a further, yet non-significant reduction in DNA binding activity. There was no significant difference between the activities of lysates from cells infected with any of the different mutant strains of N. meningitidis (figure 4.10). 


[bookmark: _Toc367660580]4.3.10 Artificial S-nitrosylation of p65 reduces its activity following NFκB stimulation via infection with wt Neisseria meningitidis
Rationale and methods
It appears that although S-nitrosylation of p65 is occurring after 12 h following an infection with N. meningitidis (figure 4.8), the reduction of p65 activity following 12 h of infection does not seem to be directly as a result of either nitric oxide production, as demonstrated by the lack of effect of inhibiting iNOS, or S‑nitrosylation of p65, as demonstrated by the lack of a band representing S‑nitrosylated p65 in 1400w treated cells. However, these lysates still seem to display a reduced level of p65 DNA binding activity identical to those that were not treated with 1400w. This led to the question of whether, following an infection, the S-nitrosylation of p65 was capable of inhibiting its activity in the same manner as occurs following stimulation with LPS and rmIFNγ. This was worth considering, as the cellular response to an infection with whole bacteria is very different to that when in contact with individual components of a bacterium. 
To try and investigate this, murine macrophages were either stimulated with a combination of LPS and rmIFNγ for a period of 2 h, or infected with wild type-MC58 N. meningitidis for the same period of time. Cells were then treated with a combination of 500 μM CysNO ± 20 mM DTT in PBS for 30 minutes at 37 °C, 5 % CO2. Control cells were incubated in PBS for the same period of time. Isolated nuclei (section 2.3.4.2) were lysed (section 2.3.4.3) and lysates were analysed for p65 activity using the transcription factor binding assay (section 2.7.3.1). Whole cell lysates were also subjected to the SNO-RAC (section 2.5.3.3) followed by analysis with a western blot (section 2.6.2) and probed with anti-p65 primary antibody (section 2.7.1).
Results
There was an increase in p65 binding activity following stimulation with LPS and rmIFNγ (0.72 ± 0.19 OD450nm) as well as infection with wt N. meningitidis (0.69 ± 0.17 OD450nm) when compared to unstimulated cells (0.44 ± 0.14 OD450nm). Upon treatment with the trans-nitrosylation agent CysNO, this was reduced to a level comparable to unstimulated cells. CysNO treatment of infected cells resulted in a significant reduction in p65 DNA binding activity (0.4 ± 0.12 OD450nm) similar to that observed previously for LPS treated lysates in section 4.3.1. This decrease in DNA binding activity was partially abrogated by simultaneous treatment with DTT (0.73 ± 0.09 OD450nm), showing a significant increase in the OD450nm when compared to those treated with CysNO only (0.44 ± 0.1 OD450nm) in LPS and rmIFNγ stimulated cells. Interestingly, unstimulated cells also showed a similar pattern, with CysNO treated cells displaying a modest decrease in p65 activity (0.29 ± 0.07 OD450nm) compared to those that were untreated, or where DTT was included (0.5 ± 0.1 OD450nm) (figure 4.11 A). Although none of these values were significantly different from one another. 
This reduction in p65 binding activity following treatment with CysNO was also matched by the level of SNO-p65 retrieved from cell lysates shown in the immunoblot in figure 4.11 B. The presence of a band in wells 2, 5 and 8 indicate the presence of an increase in SNO-p65 from these samples compared to untreated cells. This band is removed from all groups when DTT is included in the experimental protocol. All cellular extracts subjected to the SNO-RAC had a detectable and equivalent level of p65 in the input fraction as indicated in the top section of the blot.
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[bookmark: _Toc367544650][bookmark: _Toc367544810][bookmark: _Toc367545083][bookmark: _Toc367661067]Figure 4.11: Binding activity of p65, as measured by transcription factor binding assay of nuclear lysates, and S-nitrosylation status, as measured by SNO-RAC followed by western blotting, from infected murine macrophages treated with CysNO ± DTT. J774.2 murine macrophages were either infected with mid log phase wild-type bacteria or stimulated with 100 ug ml-1 LPS and 100 units ml-1 of rmIFNγ for a period of 2 h. Cells were subsequently treated with 500 μM CysNO ± 20 mM DTT. Cells were lysed, in the case of the SNO-RAC, or nuclei were extracted and lysed and 20 μg of total protein added to the transcription factor binding assay plate. (A) p65 binding activity was assessed using a transcription factor binding assay kit, bars denote mean ± SEM, *p<0.05, n=5, 2way ANOVA with Bonferroni’s Multiple Comparisons test. (B) S-nitrosyaltion status of p65 was assessed by the SNO-RAC protocol followed by an immunoblot. Equal amounts of proteins either from the input fraction (top blot) or eluted from the resin (bottom blot) were separated by SDS-PAGE. Following transfer to a PVDF membrane, proteins were probed with a 1:500 dilution of anti-p65 IgG. Blots were developed on hyperfilm using ECL detection reagents.
[bookmark: _Toc367660581]4.4 Discussion
The data included in this chapter provides evidence to demonstrate the existence of a feedback loop, whereby the p65 subunit of NFκB becomes S‑nitrosylated by endogenously generated nitric oxide and exhibits a reduction in its ability to bind to DNA. This phenomenon presumably results in a decreased ability of the cell to express iNOS; which, given the role of NFκB in the control of iNOS gene expression, would have the knock-on effect of decreasing cellular levels of NO. Taken together, these data suggest a putative mechanism for limiting injury in conditions associated with high concentrations of NO, particularly acute sepsis syndrome or ischemia/reperfusion injury. Our data verifies previous work performed by the Stamler laboratory, indicating that direct S-nitrosylation of the p65 subunit provides the major route through which this regulation occurs (Kelleher et al., 2007). Given the previous findings in our laboratory, namely that bacterial nitric oxide detoxification reduces the intracellular burden of S-nitrosothiol in eukaryotic cells (Laver et al., 2010); the experiments in this chapter were designed to investigate whether infection with NO-detoxifying Neisseria meningitidis could impinge on the formation of SNO-p65.
Our data shows that p65 DNA binding activity can be modulated via S‑nitrosylation of the p65 subunit. As a result of direct trans-nitrosylation from the SNO donor CysNO, the DNA binding activity of p65 is significantly reduced (figure 4.2). In addition, endogenous NO, produced by the iNOS enzyme, is also capable of modifying p65 in the same manner. Within 2 h following stimulation, as shown by total p65 sandwich ELISA and p65 DNA-binding assay, p65 had translocated to the nucleus and showed increased binding activity compared to unstimulated cells. Previous work carried out in this lab, using an identical cell model suggests that the iNOS enzyme reaches levels detectable via western blot within 6 h following stimulation, and this work shows that by 12 h the p65 subunit has become S‑nitrosylated, concurrent with inhibition of p65 DNA binding activity. This is the first time this has been shown in the J774.2 macrophage cell line, suggesting this process is equivalent in various cell lines.
Inhibition of iNOS with the specific inhibitor 1400w abrogated this phenomenon. This supports recent work showing that iNOS expression in mice respiratory epithelium due to aerosolized LPS administration was associated with increased SNO-p65 and a decrease in airway NFκB activity (Kelleher et al., 2011). Deletion of iNOS in experimental mice led to persistent NFκB activation, concomitant with an absence of SNO-p65 and prolonged airway inflammation. S-nitrosylation of p65 has also been demonstrated to regulate other processes, including downstream signalling of GPCRs via ATP-stimulated decrease in Angiotensin Type 1 Receptor (AT1R) density. This process was also directly mediated by iNOS in rat cardiac fibroblasts (Nishida et al., 2011). These findings highlight the potential importance of bacterially-mediated dysregulation of p65 S-nitrosylation, as modulation of this post-translational modification could plausibly impact on a wide range of cell behaviours. The observation that the same amount of p65 was present in the nucleus in both the presence and absence of iNOS expression at 12 h post stimulation (figure 4.4) supports the idea that it was the direct modification of the p65 subunit of NFκB that inhibited its measured DNA binding activity and the reduced level of DNA-binding activity was not simply due to a decrease in the level of nuclear p65.
The data provided in figure 4.5 suggests that following an infection with at least an MOI of 10, NFκB is released and translocates to the nucleus where it binds to its DNA sequence within 2 h, however this binding activity declines over time, falling back to a basal level by 12 h. This ability of the meningococcus to activate NFκB correlates with observations that the inflammatory response to N. meningitidis is thought to operate mainly through LOS mediated interactions with TLR4 and the ensuing signalling cascade (Hellerud et al., 2008). Importantly, there was no difference in NFκB binding activity between cells either in the presence of wt bacteria, capable of expressing the NorB enzyme, or the mutant derivative at any time point measured. It was thought that this could be as a result of the presence of the NO-sensitive repressor protein, NsrR. As in this instance the cells were not pre-stimulated, it was thought that the bacteria may not come into contact with sufficient NO to allow the repression to be removed and NorB to be adequately expressed during the time frame of the experiment. Consequently, the model was modified to include a 6 h pre-stimulation with LPS and rmIFNγ, in order to elicit iNOS gene expression, increase the amount of active iNOS in the cells, and as a result ensure the different meningococcal (mutant) strains were introduced into a nitric oxide-rich environment. Despite taking these steps, there was still no significant difference in p65 DNA binding activity between cells infected with the wt bacterium and cells infected with a mutant strain (figure 4.6). In a change of approach, a panel of mutant strains were exposed to the NO donor, spermine NONOate, throughout their growth in order to elicit expression of the meningococcal partial denitrification pathway prior to infection (figure 4.7). However, even with this treatment there was still no significant difference in p65 DNA binding activity between any of the infection groups investigated. The ability of the bacteria to express either the NO reductase, NorB, or the nitrite reductase, AniA had no impact on NFκB DNA binding activity. 
In order to check that any difference between infection groups was not being missed, the levels of p65 binding activity following an infection were also investigated at later time points. This data backed up the assertion that the action of the bacterial NO reductase, NorB, has no impact on NFκB DNA binding activity. However, there does appear to be a trend for those cells infected with wt bacteria over 20 h to display a slightly lower level of p65 binding activity when compared to those infected with ΔnorB or ΔnsrR (figure 4.10).  Although this was not significant, the error bars were relatively consistent for the wt and ΔnorB mutant-infected cells and the number of repetitions was low. It is possible that further repetitions would help to establish if this difference is significant, although it would go against the hypothesis given the inhibitory affect of NO on p65. Within the ΔnsrR mutant strain, the NsrR regulon has been disturbed, and it is likely that other members of this regulon are overexpressed as a result, some of which are of unknown function. Thus, the limitations of using this mutant are that certain processes are likely to be taking place such that it cannot be considered as a clear cut, NorB overexpresson strain. This might explain why the error bars in this instance are much larger and this strain does not display the same pattern as that observed for wt infected cells. 
Interestingly, inhibition of iNOS had no bearing on the significant decline in p65 binding activity following 12 h of infection. However, S‑nitrosylation of p65 had still occurred at this point post infection. It seems that although iNOS is activated and thus S-nitrosylation of p65 is occurring, as demonstrated in figure 4.8 B, inhibition of iNOS and thus also the resultant S‑nitrosylation, had no impact on the level of p65 binding activity following an infection (figure 4.8 A). It was thought that perhaps in response to an infection, S-nitrosylation of p65 did not inhibit its binding in the same manner as seen previously for LPS and rmIFNγ stimulation. In order to check this, infected cells were treated with an exogenous source of SNO in the form of CysNO, in the presence or absence of DTT. It is clear from figure 4.11 that treatment with CysNO led to a reduction in DNA binding activity of p65 and that this correlated with the formation of SNO-p65, an event that was in both cases inhibited by reduction of the SNO bond with DTT. Interestingly, the addition of CysNO also led to a decrease in p65 binding activity in completely unstimulated cells, an effect that was completely abrogated in the presence of DTT. This might suggest a level of constitutive p65 DNA binding activity in unstimulated cells that is capable of further reduction following S-nitrosylation.
The data presented here suggests that NFκB is activated following an infection and the p65 protein is subsequently S-nitrosylated following activation of iNOS and its binding activity declines in parallel to this event. However, despite the ability of S‑nitrosylation to inhibit p65 activtiy in response to an infection, preventing endogenous NO production by inhibiting iNOS had no impact on the decline in p65 acitivity. This might suggest that in response to an infection another mechanism of NFκB inhibition that is not seen when using LPS and rmIFNγ only as a stimulant renders the contribution of S-nitrosylation of p65 superfluous. Bacterial infection involves a reaction to not only the individual pathogenic components, such as LOS as well as bacterial toxins, but also the combination of factors and the activation of a robust host defence response. Given the complexity involved in NFκB signalling it would seem reasonable to suggest that other mechanisms of regulation are triggered in response to a whole viable bacterial infection that are not occurring in response to LPS alone. 
In other LPS models of NFκB activity, blockade of the pathway typically prevented or terminated an inflammatory response, inhibiting further injury and improving survival (Sheehan et al., 2002). However, in a whole bacterial model, blockade of NFκB activation resulted in decreased pro-inflammatory gene expression and reduced tissue neutrophil infiltration, but was also associated with an inhibition of salutary host defence responses resulting in increased mortality in mice (Wang et al., 2005, Gjertsson et al., 2001). This has been attributed to a failure of bacterial clearance, resulting in increased burden in the lungs and spleen. This illustrates the differences when comparing a signalling response associated with LPS and rmIFNγ only to that associated with a whole bacterial infection. However, it also suggests the possibility that in response to all the components associated with a bacterial infection, it may not be beneficial for a cell to inhibit NFκB activity in such a severe manner, as this may compromise bacterial clearance. 
Work by Deghmane et al has shown that invasive isolates of N. meningitidis are capable of inducing TNFα mediated apoptosis in epithelial cells by initiating a strong NFκB response that declines over time. However, interestingly, non-invasive carriage isolates induced a sustained NFκB response over 9 h that was paradoxically associated with protection from cell death. Perhaps even more interesting was the fact that LOS isolated from both different strains triggered persistent transactivation of NFκB similar to that observed for carriage isolates (Deghmane et al., 2011). This again highlights the difference between cellular responses to a single component of bacteria, in this case LOS, and the whole bacteria including all the virulence factors associated with an invasive strain. 
If, indeed, a variety of other mechanisms contributing to regulation of NFκB render the contribution of p65 S-nitrosylation negligible, any difference in NFκB activity as a result of NorB would be exceptionally difficult to elucidate. However, given the lack of a qualitative difference in the levels of SNO-p65 between groups following 12 h of infection, the data would suggest that NorB is not impacting on the level of S‑nitrosylated p65 in these experiments. It is clear that bacteria expressing NorB are capable of depleting the level of cellular SNO (Laver et al., 2010), however the origin of this SNO is unclear and this is not necessarily a prerequisite to suggest that levels of SNO-p65 would be affected. The SNO described in the former may represent a more freely available pool of low molecular weight SNO available for trans-nitrosylation reactions as and when they are required by the cell. S-nitrosylation of p65 more than likely embodies a much more tightly regulated protein modification, preventing perturbations in the level of NO from disrupting its regulation.
Interestingly, when 1400w is included from the start of the experiment, it appears that the absence of NorB might make a difference to the levels of S‑nitrosylated p65, with infection with wt bacteria leading to a lower intensity of the band representing SNO-p65 than from those infected with ΔnorB bacteria (figure 4.8). It is important to remember that the inhibition of iNOS by 1400w is incomplete and these cells will still be producing some NO. It might seem reasonable to suggest that the cells used in this model are actually producing too high a level of NO, which could be masking any effect of the NorB enzyme. When 1400w is included, the greatly reduced concentrations of NO being produced may provide a better model for any differences as a result of NO detoxification. This is especially important in the context of an infection in humans, where detectable levels of NO are much smaller than in mice. When considered alongside the relative p65 binding activity, as mentioned previously, the levels of SNO-p65 do not seem to be influencing the level of p65 DNA binding in this infection model. However, the possibility that the bacteria may be affecting SNO-p65 levels in a lower [NO] model may be something that requires further investigation. 










[bookmark: _Toc367660582]Chapter 5: Effect of Neisseria meningitidis infection and the presence of the enzyme, NorB, on the nuclear translocation of glyceraldehyde 3‑phosphate dehydrogenase
[bookmark: _Toc367660583]5.1 Introduction - Glyceraldehyde 3-Phosphate Dehydrogenase, (GAPDH)
[bookmark: _Toc367660584]5.1.1 Classical glycolytic role of GAPDH
GAPDH is a key component of the glycolytic pathway, catalysing the sixth step involved in the breakdown of glucose. This cytosolic reaction results in the conversion of glyceraldehyde 3-phosphate to D-glycerate 1,3-bisphosphate. The metabolic function of GAPDH has been extensively studied and reviewed (Harris and Waters, 1975) and several crystal structures elucidated, revealing the enzyme to consist of a tetramer in its catalytic form, comprised of identical 37 kDa monomers. Several studies have identified both an NAD+ binding site as well as the catalytic binding site for glyceraldehyde 3-phosphate within the monomer. This gives a clearer vision of the catalytic process of the enzyme, during which reaction each individual monomer binds an NAD+ molecule, giving a total of 4 NAD+ (Murthy et al., 1980, Skarzynski et al., 1987).

[bookmark: _Toc367660585]5.1.2 Emerging roles of GAPDH
GAPDH is highly conserved in nature and exceedingly abundant within the cell, comprising up to 20 % of total protein (Sirover, 2005). In addition to its long established glycolytic function, GAPDH has recently been implicated in several non-metabolic processes. Although this was initially met with scepticism, it makes evolutionary sense for the cell to adapt and recycle existing proteins instead of evolving a novel protein for each independent function. Numerous investigations have revealed a role for GAPDH in an extremely diverse range of cellular processes. This diversity encompasses a direct involvement in transcriptional (Zheng et al., 2003) and posttranscriptional gene regulation (Backlund et al., 2009, Bonafe et al., 2005), as well as the maintenance of DNA integrity (Azam et al., 2008) and chromatin structure (Demarse et al., 2009). There are also multiple studies implicating GAPDH in vesicular transport (Tisdale, 2001), receptor mediated cell signalling (Raje et al., 2007), and perhaps the most important function in the context of this work, the nuclear localisation and functional role of GAPDH in apoptosis and autophagy (Barbini et al., 2007, Colell et al., 2007).
Nitric oxide has long been known to trigger the defined program of gene expression that leads to cellular apoptosis. Recent studies have defined the contribution of GAPDH to this mechanism of programmed cell death and suggested two separate mechanisms that govern the role of GAPDH in apoptosis. These novel investigations suggest that GAPDH is a multifunctional protein with diverse activities and a distinct subcellular distribution. It is this specific subcellular localisation that makes the non-glycolytic role of GAPDH particularly remarkable. This is especially true when considering the ability of GAPDH to translocate across the nuclear membrane given that the protein lacks any Nuclear Localisation Sequence (NLS). It seems illogical that a protein considered to be exclusively cytosolic can possess nuclear activities. However, recent investigations have demonstrated nuclear roles for GAPDH and have implicated post-translational modification of GAPDH as a method for controlling these activities. 
Although originally S-nitrosylation was shown to inhibit GAPDH’s enzymatic activity (Padgett and Whorton, 1995), recent evidence has suggested a second role for GAPDH in apoptosis provoked cytotoxicity. NO generation elicits S‑nitrosylation of GAPDH, which facilitates its binding to and stabilisation of Siah1, an E3 ubiquitin ligase, as determined by a decrease in Siah1 protein turnover in vivo. The GAPDH/Siah1 complex then translocates to the nucleus by virtue of Siah1’s NLS; and the newly stabilised Siah1 elicits the proteasome-dependent degradation of nuclear proteins (figure 5.1). Mutation of the active site cysteine of GAPDH abolished Siah1 binding; thus confirming the role of this post-translational modification in GAPDH nuclear localisation. Activation of macrophages by endotoxin initiates this process, thus corroborating the idea that it may represent an important mechanism of cytotoxicity (Hara and Snyder, 2006, Hara et al., 2006). An iNOS dependant increase in SNO-GAPDH is also seen in GSNOR deficient mouse thymus and is associated with an increase in apoptosis of these cells (Yang et al., 2010). Interestingly, GAPDH-Siah1 induced apoptosis appears to be independent of GAPDH enzymatic activity, consistent with the observations of Padgett and Whorton. SNO-GAPDH has also been suggested to function as an NO donor in the nucleus, leading to the trans-nitrosylation and regulation of various targets (Kornberg et al., 2010).
Several proteins have also been implicated in an antagonistic role in the regulation of GAPDH related functions. The protein GOSPEL (GAPDH’s competitor Of Siah1 Protein Enhances Life) has been shown to play a role in inhibiting GAPDH related neurotoxicity by competing for binding to GAPDH with Siah1 in the cytoplasm, thus preventing GAPDH’s subsequent nuclear translocation. This process is also S‑nitrosylation dependent, with addition of an NO group at cysteine 47 of GOSPEL enhancing its GAPDH binding (Sen et al., 2009). Regulation of GAPDH is multifaceted, with the multifunctional protein B23/nucleophosmin also being linked with GAPDH signalling control. B23, although predominantly localised in the nucleoli, is capable of shuttling from the nucleolus to the nucleoplasm and back as well as from the nucleus to the cytoplasm (Borer et al., 1989). It appears to be involved in diverse functions, from ribosome transport and biogenesis, to DNA repair and cellular survival (Rubbi and Milner, 2003, Wu et al., 2002). It is in this role as a neuronal survival factor that it is linked to regulation of GAPDH. B23 associates with GAPDH-Siah1 in the nucleus, facilitating its own trans-nitrosylation from SNO-GAPDH. This mediates its binding with Siah1, which occurs preferentially to that of GAPDH, and inhibits the Siah1 E3 ubiquitin ligase activity (Lee et al., 2012). These mechanisms of control allow the fate of the cell to be determined at both the cytoplasmic and nuclear level. 
Recent studies have also raised the possibility of another mechanism through which GAPDH is capable of controlling the regulation of cell death by altering the gene expression profile of the cell. This is instigated through the binding of S‑nitrosylated GAPDH-Siah1 to the acetyltransferase p300/CBP, responsible for the acetylation of various histone and non-histone proteins. This leads to the acetylation of SNO-GAPDH and hence autoacetylation of p300 leading to downstream acetylation of various targets and initiating an apoptotic cascade culminating in activation of proteins such as p53, Bax and p21. A GAPDH mutant with the Lys-160 substituted with Arg prevents interaction and formation of the complex with p300/CBP, hampering subsequent downstream acetylation events (Sen et al., 2008).
Autophagy can represent a protective pathway through which cellular viability and function can be restored by selective degradation of dysfunctional cellular components. Recent evidence has suggested a role for GAPDH in the expression of genes involved in the regulation of autophagy. These include inducing the transcription of agt12, an essential gene in early autophagy. As overexpression of GAPDH was essential for protection against caspase-independent induced cell death, it could be argued that this is not reflective of physiological events; however it does support the notion of GAPDH as a key participant in regulation of cellular survival at several levels (Colell et al., 2007). 
It is clear that GAPDH plays a pivotal role in the response of the cell to stimuli. Indeed aberrant regulation of GAPDH translocation may be associated with a variety of human pathologies (Butterfield et al., 2010). Given that GAPDH translocation occurs in response to endotoxin stimulation and this is clearly an iNOS driven event operating via an S‑nitrosylation based modification, it was decided to investigate how infection with Neisseria meningitidis might affect this process, and whether the bacteria’s ability to detoxify NO and prevent SNO formation would impact on GAPDH nuclear translocation. 

[bookmark: _Toc367660586]5.1.3 Nuclear transport
The process of nuclear transport has been extensively studied and reviewed (Pemberton and Paschal, 2005). Given that GAPDH has been shown to translocate to the nucleus and these investigations will aim to study the impact of infection on this, below is a brief summary highlighting the key aspects of translocation of large molecules. Entrance and exit of large molecules such as proteins into and out of the nucleus is a tightly controlled process which involves the nuclear pore complexes and interaction with karyopherins known as either importins or exportins. In order to label them as requiring transport into or out of the nucleus, proteins must contain a Nuclear Localisation (NLS) or Export Signal (NES). This is an amino acid sequence that functions as a tag and can be extremely diverse, most commonly being hydrophilic in composition, with hydrophobic sequences occasionally being documented (Gorlich and Kutay, 1999). These signals are bound by the importin and exportin proteins and cargo transport is mediated by the small Ras related GTPase, Ran. The dominant nucleotide binding state of Ran depends on its location, with GTP predominating in the nucleus and GDP in the cytoplasm. When bound to GTP, Ran is capable of binding to karyopherins, however importins release their cargo upon binding of RanGTP, whilst exportins require the binding of RanGTP to allow complex formation with cargo (Weis, 2003). Thus, importins bind to their cargo in the cytoplasm and translocate though a nuclear pore to the nucleus. In the nucleus they are bound by RanGTP, which as stated leads to a conformational change within the importin, causing it to release its cargo. The RanGTP-importin complex is then translocated back to the cytoplasm, whereupon it is separated by a protein known as Ran Binding Protein (RBP). RanGTP is subsequently bound by GTPase Activating Protein (GAP) which causes the hydrolysis of GTP to GDP. The Nuclear Transport Factor NUTF2 now binds and returns RanGDP to the nucleoplasm where it binds to Guanine Nucleotide Exchange Factor (GEF). This replaces the bound GDP with GTP. During the process of nuclear export the reverse occurs, with RanGTP binding to the exportin leading to its increased affinity for the cargo. The complex is then transported to the cytoplasm where it dissociates and GTP is hydrolysed to GDP by GAP and the process continues as described previously (Pemberton and Paschal, 2005).     
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[bookmark: _Toc367544651][bookmark: _Toc367544811][bookmark: _Toc367545084][bookmark: _Toc367661068]Figure 5.1: Mechanisms surrounding control of GAPDH nuclear translocation following endogenous iNOS production. S-nitrosylation of GAPDH leads to its binding and stabilisation of Siah1. This complex translocates to the nucleus where it is involved in several downstream pathways, including initiation of cell death. 

[bookmark: _Toc367660587]5.2 Principles and methodology
The hypothesis that was tested is that the NO detoxification mechanisms of N. meningitidis interfere with GAPDH nuclear translocation. Although GAPDH localisation can be investigated by immunoblotting nuclear extracts using an anti-GAPDH antibody, it was decided that a different technique utilising flow cytometry to measure nuclear GAPDH would provide a more robust and quantitative assay to investigate whether infection with Neisseria meningitidis, and specifically the ability of the bacteria to detoxify NO, has any effect on the ability of GAPDH to translocate to the nucleus. It should be noted that, although the ‘purity’ of nuclear isolates was not itself investigated, the gating strategy employed by the use of flow cytometry should ensure that only nuclei are included in the analysis. This was combined with the SNO-RAC assay to identify the levels of S-nitrosylated GAPDH using a classical immunoblotting technique. 

[bookmark: _Toc367660588]5.3 Results
[bookmark: _Toc367660589]5.3.1 Stimulation of J774.2 murine macrophages with LPS and rmIFNγ leads to S-nitrosylation of GAPDH 
Rationale and methods
Before investigating the impact that infection might have on the S-nitrosylation of GAPDH, and therefore its translocation, it was first important to establish that GAPDH is indeed S-nitrosylated following the expression of iNOS in response to LPS and rmIFNγ. Previous work conducted within our lab group established the kinetics of GAPDH nuclear translocation, providing the basis for this work. During this research it was shown that at between 6 and 9 h post stimulation, iNOS was detectable in whole J774.2 cell lysates (figure 5.2 A). This also correlated with the presence of GAPDH in nuclear lysates, which became detectable between 9 and 12 h post stimulation and remained there for the duration of this experiment (21 h) (figure 5.2 B). However during the course of this investigation, the direct detection of the levels of S‑nitrosylation of GAPDH following iNOS induction was not performed. To this end it was decided that the SNO-RAC methodology would be implemented to confirm the formation of SNO‑GAPDH as a precursor to its nuclear translocation and to demonstrate that in the absence of iNOS activity this process is unable to occur. 
J774.2 murine macrophages were seeded in T-25 flasks and stimulated with 1 μg ml‑1 LPS and 100 units ml-1 rmIFNγ in DMEM + 10 % HIFCS for a period of 15 h. Where indicated the iNOS inhibitor 1400w was included at a concentration of 100 µM for the entirety of the experiment. Cells were washed once by scraping them into ice cold PBS + 0.1 mM EDTA before being pelleted by centrifugation at 500 g. Whole cell lysates were produced by resuspending the cells in SNO-RAC lysis buffer (section 2.1.2.12) and subjected to the SNO-RAC technique (section 2.5.3.3). Protein inputs and outputs were then subjected to SDS-PAGE using a 5 % stacking and 12 % resolving polyacrylamide gel (section 2.6.2) and transferred to a PVDF membrane before being probed for GAPDH using a 1:1000 dilution of anti-GAPDH antibody in MPBS (section 2.7.2.1). 
Results
Following stimulation with LPS and rmIFNγ for 15 h a band of approximately 37 kDa in size was visible on the output blot; this corresponds to the expected size of GAPDH. No such band was visible in the absence of stimulation or when the iNOS inhibitor, 1400w, was included from the start of the experiment. Whilst this does not indicate that there was no SNO-GAPDH present in the cell lysate under these conditions, it indicates that the levels were below the limits of detection for this antibody and much lower than those detected in stimulated cells. The input blot displays three bands of relatively equal density for all experimental groups (figure 5.3). This indicated that the same quantity of total GAPDH was present in the cell lysates prior to the SNO-RAC procedure. 





 A


[image: ] B

[bookmark: _Toc196044287][image: ][image: ]






[bookmark: _Toc367544652][bookmark: _Toc367544812][bookmark: _Toc367545085][bookmark: _Toc367661069]Figure 5.2: Immunoblotting analysis of activated J774.2 whole cell lysates for expression of inducible nitric oxide synthase (iNOS) and J774.2 nuclear lysates for GAPDH. (A) J774.2 murine macrophage cells were stimulated with LPS and rmIFNγ for a period of 27 hours. Cells were subsequently harvested and lysed. Cell lysates were probed with an anti-iNOS antibody. The blot was developed on Hyperfilm using ECL detection reagents. iNOS became detectable within 9 h and remained present up until 27 h post-stimulation. (B) Nuclei were isolated from stimulated macrophages and lysed. Nuclear lysates were probed with an anti-GAPDH antibody. The presence of iNOS correlates with migration of GAPDH to the nucleus. Figure reproduced from unpublished work performed by J R Laver.
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[bookmark: _Toc367544653][bookmark: _Toc367544813][bookmark: _Toc367545086][bookmark: _Toc367661070]Figure 5.3: S-nitrosylation of GAPDH following stimulation of J774.2 cells with LPS and rmIFNγ. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for 15 h. Where indicated the iNOS inhibitor 1400w was included at a concentration of 100 μM. Cells were subsequently harvested and lysed. Lysates were subjected to the SNO-RAC protocol. Equal amounts of proteins either from the input fraction (top blot) or eluted from the resin (bottom blot) were separated by SDS-PAGE. Following transfer to a PVDF membrane, proteins were probed with a 1:1000 dilution of anti-GAPDH antibody. Blot was developed on Hyperfilm using ECL detection reagents. 







[bookmark: _Toc367660590]5.3.2 GAPDH translocation to the nucleus following stimulation with either LPS or rmIFNγ or a combination of both can be monitored using a flow cytometry based assay
Rationale and methods
Although, as previously discussed, there is significant evidence to show that GAPDH migrates to the nucleus upon S-nitrosylation by nitric oxide in the cytoplasm, it was necessary to establish that this observation could be replicated using a flow cytometry technique. To this end, confluent monolayers of J774.2 murine macrophages were incubated in fresh media or media containing either LPS or rmIFNγ or a combination of both for a period of 15 h. Nuclei were then extracted (section 2.3.4.2) and washed and counted. Extracted nuclei were stained using an anti-GAPDH antibody conjugated to the fluorochrome APC or an APC conjugated isotype control antibody (section 2.9.2) as well the fluorescent DNA stain, DAPI. Nuclei were subsequently washed and examined using flow cytometry (LSRII) and data analysed using the FACS DIVA 6 software. In order to analyse these cells it was important to implement an effective gating strategy (detailed in figure 5.4). The gating strategy in this study was to firstly gate on the basis of forward scatter (FCS) and side scatter (SSC), measures of object size and granularity, respectively. This first gate excluded anything deemed too large to be individual nuclei, or considered too small and likely to constitute debris. The DAPI stain was then used to perform doublet discrimination, excluding aggregates of nuclei from subsequent selection and/or analyses. A gate was finally set on top of the population of nuclei derived from unstimulated cells, which presumably contained basal levels of nuclear GAPDH, but which were arbitrarily designated as ‘GAPDH negative’ (GAPDH-) to provide clarity. Any nuclei with a fluorescence intensity greater than that measured in nuclei from unstimulated cells, and which fell within the gate, were deemed to be ‘GAPDH positive’ (GAPDH+) (i.e. containing more than basal levels of nuclear GAPDH).


Results
The flow cytometry assay resolved a clear population of nuclei, as determined by the FCS/SSC plot. Nuclei from unstimulated cells produced a single distinct population based on the APC fluorescence, with only a tiny minority of nuclei (0.7 %) identifiable as GAPDH+. Following stimulation with LPS however, the size of the GAPDH+ population increased to over 20 % of nuclei. When cells were stimulated with rmIFNγ alone, only 5.1 % of analysed nuclei were measured to be GAPDH+. When both LPS and rmIFNγ were used in combination to stimulate cells, the percentage of GAPDH+ nuclei increased from 0.7 % (unstimulated) to 13.8 %. In order to confirm that this pattern was GAPDH specific, an isotype control was also used to stain all experimental groups.  Nuclei stained with this control antibody were measured as having much-reduced fluorescence intensity (data not shown).
These results replicated the pattern of paradigmatic GAPDH nuclear translocation in response to endotoxin stimulation of murine macrophage cells.  This showed that this assay was robust and could be used to determine the abundance of GAPDH in the nucleus. The assay could therefore be used to investigate how infection with Neisseria meningitidis might affect the nuclear translocation of GAPDH, with particular emphasis on the role of the Neisseria nitric oxide reductase enzyme, NorB. 
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[bookmark: _Toc367544654][bookmark: _Toc367544814][bookmark: _Toc367545087][bookmark: _Toc367545260][bookmark: _Toc367546550][bookmark: _Toc367661071]Figure 5.4: GAPDH nuclear translocation following stimulation with either LPS/rmIFNγ or in combination. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS (A) supplemented with 1 μg ml-1 LPS (B) or 100 units ml-1 rmIFNγ (C) or a combination of the two (D) for 15 h. Cells were subsequently harvested and the nuclei extracted and stained with APC conjugated anti-GAPDH antibody as well as the DNA dye, DAPI and analysed using the LSRII. Nuclei were gated on FCS and SSC to exclude cellular debris (P1). Nuclei were subsequently gated to exclude doublets using DAPI (P2). A final gate, (P3), was then set on nuclei from unstimulated cells to try and capture nuclei considered GAPDH+. Values represent the percentage of total nuclei considered to be GAPDH+. 


























[bookmark: _Toc367660591]5.3.3 Infection with Neisseria meningitidis inhibits LPS and rmIFNγ stimulated GAPDH nuclear translocation, an effect that is independent of the nitric oxide detoxification machinery4.1 %

Rationale and methods
Having established that stimulation with LPS and rmIFNγ causes both the S‑nitrosylation of GAPDH and its nuclear translocation within a 15 h timeframe, it was decided that the impact of Neisserial infection, and particularly the role of NorB, would be investigated. To this end the flow cytometry based assay previously discussed was utilised and a variety of nitric oxide metabolism deficient mutant strains of Neisseria meningitidis were used to infect murine macrophage cells, including ΔnorB, ΔaniA and ΔnsrR. 
J774.2 cells were incubated in media containing 1 μg ml-1 LPS and 100 units ml‑1 rmIFNγ for 2 h, where indicated the iNOS inhibitor 1400w was included at a final concentration of 100 μM for the duration of the experiment. Wild type Neisseria meningitidis and the ΔnorB, ΔaniA, ΔnsrR mutant derivatives and double mutant ΔaniA/ΔnsrR were grown to mid-log phase in MHB. In order to provide a heat-killed control for NorB activity, 1 x 108 colony forming units (cfu) of wild type bacteria were incubated in DMEM at 80 °C for 20 minutes. Immediately prior to use, all strains of bacteria were resuspended in a suitable volume of DMEM + 10 % HI-FCS, supplemented with the aforementioned concentrations of LPS and rmIFNγ, to give an MOI of 10. The previous media was removed and replaced with bacteria containing media. Infection was followed by a period of co-incubation over a further 13 h. The inclusion of LPS and rmIFNγ for the remainder of the infection was important to assure that any difference in GAPDH translocation was as a direct result of the presence of bacteria. A flask incubated with DMEM + 10 % HI-FCS only was used as an unstimulated control. Supernatant samples were taken and viable counts performed. Nuclei were extracted (section 2.3.4.2) and washed and counted. Extracted nuclei were then stained using an anti-GAPDH antibody conjugated to the fluorochrome APC or an APC-conjugated isotype control antibody (section 2.9.2) as well as the fluorescent DNA stain, DAPI. Nuclei were subsequently washed and examined using flow cytometry (LSRII) and data was analysed using the FACS DIVA 6 software as stated previously in section 5.3.2.
Results
As expected (section 5.3.2), there was a significant increase in the percentage of nuclei identified as GAPDH+ upon stimulation with LPS and rmIFNγ (22.3 ± 4.37 %) compared to those that remained unstimulated (2.9 ± 0.76 %). All live infection groups displayed a significantly lower percentage of GAPDH+ nuclei compared to those that were stimulated but remained uninfected (wt = 6.77 ± 1.67 %). This pattern was mirrored in the nuclei of those cells that had been stimulated but had been treated with the iNOS inhibitor 1400w (5.3 ± 0.64 %). Cells that had been co-incubated in the presence of heat-killed wild type bacteria had a much larger GAPDH+ subpopulation (19.3 ± 3.25 %) (figure 5.5 A). The differences observed were not due to differences in cell death, as all cells were stained with trypan blue and counted before nuclei extraction (data not shown). An isotype control antibody conjugated to APC was used to confirm that the observed pattern was specific for GAPDH (data not shown). All infection groups contained the same number of viable bacteria, as indicated by the viable counts of bacteria retrieved from the supernatants (figure 5.5 B). 
In summary, the presence of a co-infection with Neisseria meningitidis prevents the LPS and rmIFNγ associated nuclear translocation of GAPDH and this is independent of the ability of the bacteria to detoxify nitric oxide, although it does mirror the effect of inhibiting iNOS activity. 
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[bookmark: _Toc367544655][bookmark: _Toc367544815][bookmark: _Toc367545088][bookmark: _Toc367661072]Figure 5.5: GAPDH nuclear translocation following stimulation with LPS and rmIFNγ in the presence of infection with wild type Neisseria meningitidis and a variety of nitric oxide metabolism mutant derivatives. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for a period of 2 h, followed by infection with wt or the indicated mutant derivative of Neisseria meningitidis at an MOI of 10 for a period of 13 h. Where indicated, the iNOS inhibitor 1400w was included from the start of the experiment at a concentration of 100 μM. (A) Cells were subsequently harvested and the nuclei extracted and stained with APC conjugated anti-GAPDH antibody and the DNA dye DAPI. Bars denote mean ± SEM. **p<0.01, ***p<0.001, n=3, 1way ANOVA with Tukey’s Multiple Comparisons test. (B) Viable counts of bacterial number throughout the experiment. Values are expressed in cfu ml-1. Bars denote mean ± SEM. 
[bookmark: _Toc367660592]5.3.4 Co-infection with Neisseria meningitidis does not alter the S‑nitrosylation status of GAPDH compared to cells stimulated with LPS and rmIFNγ only
Rationale and methods
Having demonstrated that the ability of bacteria to detoxify nitric oxide had no impact on the nuclear translocation of GAPDH using our flow cytometry methodology, it was decided to establish whether the S-nitrosylation status of GAPDH was affected following infection with the various strains of Neisseria meningitidis. To this end the SNO-RAC methodology was utilised. 
J774.2 cells were seeded, stimulated and infected as described previously in section 5.3.3. Cells were then washed once by scraping them into ice cold PBS + 0.1 mM EDTA before being pelleted by centrifugation at 500 g. Whole cell lysates were produced by resuspending the cells in SNO-RAC lysis buffer (section 2.1.2.12) and subjected to the SNO-RAC technique (section 2.5.3.3). Protein inputs and outputs were then analysed by means of SDS-PAGE using a 5 % stacking and 12 % resolving polyacrylamide gel (section 2.6.2) and transferred to a PVDF membrane before being probed for GAPDH using a 1:1000 dilution of anti-GAPDH antibody in MPBS (section 2.7.2.1). 
Results
The results following the development of the western blot indicated that stimulation with LPS and rmIFNγ caused an increase in the density of the band detected on the blot compared to a lysate from unstimulated cells. However, in the presence of a co-infection with all mutant strains of Neisseria meningitidis there was still a clear band at 37 kDa representing previously S-nitrosylated GAPDH. The intensity of the bands was stronger in lysates produced from cells infected with either the ΔnorB or ΔaniA mutant derivatives, as well as those cells co-incubated with heat killed bacteria (figure 5.6). This reflects the findings of previous work in our group, which showed a similar pattern in the levels of S‑nitrosylation in nuclei infected with wt, ΔnorB or ΔnsrR mutant bacteria, as measured with tri-iodide dependent, ozone-based chemiluminescence. These data suggest that bacterial mechanisms of nitric oxide detoxification are capable of influencing the S-nitrosylation status of host cell GAPDH, insofar as strains incapable of NO detoxification appear to lead to an increased abundance of S‑nitrosylated, host cell GAPDH following infection, as compared to cells infected with strains expressing the nitric oxide reductase, NorB. However, combined with the data from the flow cytometry analysis, showing that GAPDH translocation is greatly reduced during an infection with live Neisseria, and that this reduction is independent of the NO-detoxifying capabilities of the bacteria; it could be inferred that there may be another, hitherto unappreciated process governing the nuclear translocation of GAPDH. It was important to determine if this process is in some way connected to, or independent of, GAPDH S‑nitrosylation.

[bookmark: _Toc367660593]5.3.5 Addition of the trans-nitrosylation agent, CysNO, leads to GAPDH nuclear translocation in the absence of other stimuli and also restores GAPDH nuclear translocation in LPS and rmIFNγ stimulated J774.2 following iNOS inhibition with 1400w
Rationale and methods
In order to investigate the observed differences in the accumulation of nuclear GAPDH, it was important to see if the post-translational modification of GAPDH by artificial means (i.e. the administration of trans-nitrosylating agents, SNAP and/or CysNO) was capable of restoring GAPDH nuclear translocation following an infection. Therefore, it was first necessary to establish whether these donor molecules could artificially stimulate GAPDH translocation in the absence of further treatment, and whether they were capable of reversing the effect of iNOS inhibition on LPS and rmIFNγ stimulated cells, and at what concentration this would become apparent. 
Unstimulated J774.2 murine macrophages were treated with 500 µM CysNO over a period of 5 h and GAPDH nuclear translocation was assessed at the time points indicated in figure 5.7 following nuclear extraction (section 2.3.4.2) and staining with anti-GAPDH antibody conjugated to APC (section 2.9.2) as well as DAPI. The data shown in figure 5.8 was obtained from cells that were stimulated with LPS and rmIFNγ, as described previously, for a period of 15 h. The iNOS inhibitor 1400w was included at a final concentration of 100 μM where specified. Where indicated, the nitrosylating agents, SNAP and CysNO were included at the concentrations shown. Nuclei were subsequently extracted (section 2.3.5.2), stained and examined using flow cytometry (LSRII). All data was analysed using the FACS DIVA 6 software as stated previously in section 5.3.2.
Results
The addition of 500 μM CysNO to otherwise unstimulated cells led to an increase in the number of nuclei considered to be GAPDH+ from 3.5 % in untreated cells, to 28.9 % within only 30 minutes. At 2 h post treatment this had increased further to 40.1 % and this remained relatively constant up to 5 h post treatment, displaying a percentage of GAPDH+ nuclei of 38.1 % (figure 5.7). The data shown in figure 5.8 also displays an increase in percentage of GAPDH+ nuclei following addition of 500 µM CysNO, which remained significantly high at 15 h post stimulation (31.3 ± 5.91 %). As shown previously, the addition of LPS and rmIFNγ also led to an increase in the size of the population of GAPDH+ nuclei (20.7 ± 4.35 %) when compared to unstimulated cells (2.23 ± 0.69 %). When the iNOS inhibitor 1400w was included from the start of the experiment, there was a dramatic and significant decrease in the number of GAPDH+ nuclei (5.83 ± 0.38 %) when compared to LPS and rmIFNγ only treated cells, which is consistent with previous findings. The inclusion of the nitrosylating agent SNAP had no significant impact on the percentage of GAPDH+ nuclei at any concentration; however there did appear to be a dose dependent increase in the percentage of nuclei considered to be GAPDH+ (250 µM = 16.5 ± 3.1 %). Further increases in SNAP concentration were limited by the solubility of the compound and the potential for confounding events, such as an increase in cell death. The addition of CysNO also led to a dose dependent restoration of GAPDH translocation and at a concentration of 500 μM (28.07 ± 4.0 %) this became significantly different from cells that were stimulated but incubated in the presence of 1400w. This indicates that treatment with an artificial nitrosylating agent in the form of CysNO is capable of eliciting the translocation of GAPDH, even when endogenous production of NO is inhibited. These findings provide us with the means to investigate whether GAPDH nuclear translocation can be stimulated following an infection, via treatment with 500 µM CysNO.
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[bookmark: _Toc367544656][bookmark: _Toc367544816][bookmark: _Toc367545089][bookmark: _Toc367661073]Figure 5.6: S-nitrosylation of GAPDH following stimulation of J774.2 cells with LPS and rmIFNγ in the presence of infection with wild type Neisseria meningitidis and a variety of nitric oxide metabolism mutant derivatives. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for a period of 2 h, followed by infection with wt or the indicated mutant derivative of Neisseria meningitidis at an MOI of 10 for a period of 13 h. Where indicated, the iNOS inhibitor 1400w was included from the start of the experiment at a concentration of 100 μM. Cells were subsequently harvested and lysed. Lysates were subjected to the SNO-RAC protocol and SDS-PAGE under reducing conditions was used to resolve individual proteins, which were subsequently transferred to PVDF membrane and probed with a 1:1000 dilution of anti-GAPDH antibody. Blot was developed on Hyperfilm using ECL detection reagents.
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[bookmark: _Toc367544657][bookmark: _Toc367544817][bookmark: _Toc367545090][bookmark: _Toc367661074]Figure 5.7: GAPDH nuclear translocation following treatment with the trans-nitrosylating agent, CysNO. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS + 500 µM CysNO for a period of up to 5 h. Cells were subsequently harvested and the nuclei extracted and stained with APC conjugated anti-GAPDH antibody as well as the DNA dye, DAPI and analysed using the LSRII, % values represent proportion of total nuclei considered to be GAPDH positive following the gating strategy outlined in section 5.3.2, n=1.  





















[bookmark: _Toc367544658][bookmark: _Toc367544818][bookmark: _Toc367545091][bookmark: _Toc367661075]Figure 5.8: The effect of addition of the S-nitrosylating agents SNAP and CysNO on GAPDH nuclear translocation in stimulated J774.2 macrophages that have been exposed to 1400w. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for a period of 15 h. Where indicated and in all groups thereafter, 1400w was included at a final concentration of 100 μM. The SNO donors SNAP and CysNO were included for the entirety of the infection period at the concentrations indicated on the graph. Cells were subsequently harvested and the nuclei extracted and stained with APC conjugated anti-GAPDH antibody and the DNA dye DAPI. Bars denote mean ± SEM. **p<0.01, ***p<0.001, n=3, 1way ANOVA with Tukey’s Multiple Comparisons test.

	




[bookmark: _Toc367660594]5.3.6 Addition of CysNO, both prior to and after co-infection with Neisseria meningitidis, is capable of restoring GAPDH nuclear translocation following LPS and rmIFNγ stimulation
Rationale and methods
Having demonstrated that CysNO was capable of restoring GAPDH translocation in stimulated macrophages when iNOS activity was inhibited, it was important to determine whether the same effect is observed in meningococcal infection. This would help determine how bacterial infection impacts on the nuclear accumulation of GAPDH: whether it is due to some property of infection that inhibits part of the paradigmatic mechanism of GAPDH nuclear translocation, or perhaps another, hitherto unrecognised mechanism which interferes with or over-rides the process. The purpose of the experiment below was to see whether infection of these cells rendered them somehow ‘insensitive’ to S‑nitrosylated GAPDH, the usual fate of which is to be translocated to the nucleus in partnership with Siah1. Given our ability to artificially trans-nitrosylate GAPDH and to elicit nuclear accumulation of GAPDH protein in uninfected cells, the next logical step was to see if treatment of infected cells resulted in an increase in the size of the population of GAPDH+ nuclei, using our flow cytometry-based assay. Failure of GAPDH to accumulate in the nuclei of CysNO-treated cells might plausibly indicate that infection is somehow altering the porosity of nucleus, at least with regards to the passage of the SNO-GAPDH/Siah1 complex.
J774.2 cells were stimulated and infected as stated previously (section 5.3.3), where indicated the iNOS inhibitor 1400w was included at a final concentration of 100 μM for the duration of the experiment. The nitrosylating agent CysNO was included where indicated at a concentration of 500 μM from either the start of the infection period (figure 5.9 A), or for 30 minutes prior to the termination of the experiment (figure 5.9 B). Nuclei were extracted, (section 2.3.4.2) washed and counted. Extracted nuclei were then stained using an anti-GAPDH antibody conjugated to the fluorochrome APC (section 2.9.2) as well the fluorescent DNA stain, DAPI. Nuclei were subsequently washed and examined using flow cytometry (LSRII) and data was analysed using the FACS DIVA 6 software. 
Results
As seen previously in section 5.3.3, infection of stimulated J774.2 macrophages with both wt and ΔnorB Neisseria meningitidis resulted in a smaller population of GAPDH+ nuclei, as compared to cells exposed to endotoxin and interferon alone (figure 5.9). The iNOS inhibitor, 1400w, had a similar effect as described for previous experiments; treatment of cells with 1400w led to the formation of only a small population of GAPDH+ nuclei. The addition of CysNO to the cells significantly increased the percentage of GAPDH+ nuclei, as determined by the gating strategy, both when added at the start of the infection period (wt + CysNO = 14.1 ± 6.23; ΔnorB + CysNO = 17 ± 6.01 %) (figure 5.9 A) and for 30 minutes at the end (wt + CysNO = 19.8 ± 5.67; ΔnorB + CysNO = 20.3 ± 4.12 %) (figure 5.9 B). This pattern was observed for both cells that had been infected with wt bacteria as well as those that had been subjected to an infection with the ΔnorB mutant derivative. 
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[bookmark: _Toc367544659][bookmark: _Toc367544819][bookmark: _Toc367545092][bookmark: _Toc367661076]Figure 5.9: Effect of CysNO treatment on GAPDH nuclear translocation in LPS and rmIFNγ stimulated, Neisseria meningitidis infected J774.2 macrophages. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for a period of 2 h, followed by infection with wt or ΔnorB Neisseria meningitidis at an MOI of 10 for a period of 13 h. Where indicated, the iNOS inhibitor 1400w was included from the start of the experiment at a concentration of 100 μM. (A) The trans-nitrosylation agent, CysNO, was included for the entirety of the infection period (B) or for 30 minutes at the end of the experiment, at a final concentration of 500 μM. Cells were subsequently harvested and the nuclei extracted and stained with APC conjugated anti-GAPDH antibody and the DNA dye DAPI. (A) Bars denote mean ± SEM, n=3. (B) Bars denote mean ± SEM. *p<0.05, n=7, 1way ANOVA with Tukey’s Multiple Comparisons test.
[bookmark: _Toc367660595]5.3.7 Protein acetylation appears to be unaffected following infection with Neisseria meningitidis 
Rationale and methods
The GAPDH/Siah1 complex has been shown to be involved in augmenting the p300/CBP-associated acetylation of nuclear proteins, such as p53 and it is these modifications that ultimately contribute to the death of the cell. The GAPDH/Siah1 complex has been shown to directly interact with p300/CREB Binding Protein (CBP), leading to auto-acetylation of the latter and a concomitant increase in its acetylation activity (Sen et al., 2008). It was hypothesised that changes in abundance of nuclear GAPDH would affect overall levels of protein acetylation in the nucleus, with a reduced abundance of nuclear GAPDH resulting in a lower levels of nuclear acetylation and vice versa. Therefore, it was decided to investigate the total levels of acetylated proteins following either stimulation with a combination of LPS and rmIFNγ or co-infection with a variety of strains of Neisseria meningitidis.  
To this end J774.2 macrophages were seeded in T-75 flasks and incubated in media supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for 2 h. Where indicated the iNOS inhibitor 1400w was included at a final concentration of 100 μM for the duration of the experiment. Cells were then infected with either wt, ΔnorB or ΔnsrR bacteria for a period of 13 h in the same way as described previously (section 5.3.3). Cells treated with the histone deacetylation inhibitor Trichostatin A only were used as a control. Following the infection period, cells were lysed and whole cell lysates were subjected to a protein assay (section 2.6.3), and a total of 1 mg of total protein was added to the resin. Acetylated proteins were pulled down using acetyl-lysine antibody clone 4G12 agarose conjugate (section 2.7.4) and outputs were loaded and analysed on SDS-PAGE using a 5 % stacking and 12 % resolving polyacrylamide gel. The resultant gel was then silver stained.


Results
Completely unstimulated cells displayed a relatively high level of acetylated proteins as measured by the intensity of bands compared to all other groups. Indeed, following stimulation with LPS and rmIFNγ the intensity of the bands appears to have decreased slightly. This level is similar for wt infected cells, as well as hkwt and those cells that were stimulated but treated with 1400w as well as those treated with Trichostatin A. However the intensity appears to have declined further in both ΔnorB and ΔnsrR infected cells. 
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[bookmark: _Toc367544660][bookmark: _Toc367544820][bookmark: _Toc367545093][bookmark: _Toc367661077]Figure 5.10: Level of acetylated proteins following stimulation of J774.2 cells with LPS and rmIFNγ in the presence of infection with wild type Neisseria meningitidis and a variety of nitric oxide metabolism mutant derivatives. J774.2 murine macrophage cells were incubated with DMEM + 10 % HI-FCS supplemented with 1 μg ml-1 LPS and 100 units ml-1 rmIFNγ for a period of 2 h, followed by infection with wt or the indicated mutant derivative of Neisseria meningitidis at an MOI of 10 for a period of 13 h. Where indicated, the iNOS inhibitor 1400w was included from the start of the experiment at a concentration of 100 μM. Cells incubated with 5 µM Trichostatin A only were used as a control. Cells were subsequently harvested and lysed. Lysates were subjected to a BSA protein assay and acetyl-lysine pulldown followed by SDS-PAGE under reducing conditions in order to resolve individual proteins. The subsequent gel was silver stained. Lane 1 = Uninduced, 2 = LPS + rmIFNγ, 3 = wt, 4 = ΔnorB, 5 = ΔnsrR, 6 = hkwt, 7 = LPS + rmIFNγ + 1400w, 8 = Trichostatin A. Image is representative of 2 independent experiments. 



[bookmark: _Toc367660596]5.4 Discussion
Given that Neisseria meningitidis is capable of depleting or preventing the formation of host cell S-nitrosothiol (Laver et al., 2010), and that the nuclear translocation of GAPDH is regulated in an S-nitrosylation dependent manner, it was hypothesised that neisserial infection could in some way perturb this process. In this chapter data was presented demonstrating that in LPS and rmIFNγ stimulated J774.2 murine macrophages, nuclear translocation of GAPDH does not occur in the presence of an infection with live Neisseria meningitidis. This appears to be independent of the relative nitric oxide detoxification machinery of the bacteria. Evidence is also presented showing that the addition of a SNO donor in the form of CysNO is capable of inducing translocation of GAPDH to the nucleus. These findings may represent encouraging preliminary data suggesting that infection can perturb the physiological response of the cell, especially considering the growing interest in the cellular role of GAPDH. However, the mechanism for this perturbation remains unclear. 
Using an LPS and rmIFNγ stimulated J774.2 murine macrophage cell model it was shown that GAPDH is S-nitrosylated in response to iNOS stimulation. A flow cytometry-based assay was also established to provide a semi-quantitative mechanism for measuring the nuclear translocation of GAPDH, insofar as it allowed us to identify so-called GAPDH+ nuclei. In summary, the addition of 1 μg ml-1 LPS alone or in combination with 100 units ml-1 rmIFNγ caused a detectable increase in the fluorescence intensity of a subpopulation of nuclei labelled with anti-GAPDH-APC-conjugated antibody following 15 h incubation.  These nuclei contained GAPDH in excess of the basal levels identified in nuclei from unstimulated cells, and as such were considered to have resulted from GAPDH nuclear translocation occurring within cells. This shift was not seen in the unstimulated control or in isotype control-stained nuclei. The use of rmIFNγ only also did not lead to an increase in GAPDH translocation. This apparent insensitivity of murine macrophage cell lines to rmIFNγ only is established in the literature. It has been found that, unlike primary mouse peritoneal macrophages (Ding et al., 1988), the cell line RAW 264.7 does not produce NO when stimulated with rmIFNγ. This has been detailed as unpublished observations (Xie et al., 1993). 
The observations described in this chapter support previous work established in the literature showing that GAPDH migrates to the nucleus upon stimulation with cellular agonists, and this translocation is driven by nitric oxide produced by the inducible form of nitric oxide synthase in the form of S‑nitrosylation of GAPDH (Hara et al., 2005). However, this has not been shown until now in the J774.2 cell line. 
Having established a suitable assay and model for measuring GAPDH nuclear translocation, the main aim was to establish the effect, if any, infection with Neisseria meningitidis would have on this process. It was also of keen interest to investigate whether the ability of Neisseria to detoxify NO would impact on this process. The data provided in this chapter has shown that infection with wild type bacteria, as well as all tested nitric oxide metabolism mutants including those lacking the nitric oxide reductase enzyme, NorB, are preventative of the translocation of GAPDH. Given that the cells co-incubated with hkwt do not show this reduction in GAPDH translocation it would seem logical to conclude that the bacteria must be viable and metabolically active in order to prevent nuclear migration. This data would also suggest that the ability of bacteria to produce NO utilising the nitrite reductase AniA, or detoxify NO using NorB, plays no role in the observed lack of GAPDH nuclear relocation following an infection. Given that previous data has shown the presence of NorB influences the levels of nuclear S-nitrosothiol (Laver et al., unpublished data) and it has been shown that the stimulation of iNOS production in the absence of an infection leads to the S‑nitrosylation of GAPDH and this correlates with its nuclear migration, it had been hypothesised that the ability of bacteria to detoxify NO would impact on this process. However, this data suggests that in the presence of an infection S‑nitrosylation of GAPDH is not abolished, yet its nuclear translocation does not occur. This suggests that another mechanism is responsible for the absence of GAPDH nuclear migration in an infection setting. 
Another confounder to this process is the fact that the data has shown that the late addition of a trans-nitrosylation agent, in the form of CysNO, is capable of restoring GAPDH nuclear translocation. These results indicate that the artificial S-nitrosylation of GAPDH provokes the movement of the protein into the nucleus, irrespective of infection and the NO-detoxifying capabilities of the infecting bacterium. This was interesting given that infection did not seem to alter the S-nitrosylation of GAPDH and so it would seem that the inhibition of translocation was unrelated to nitric oxide. The reason(s) why infection leads to an overall reduction in the nuclear accumulation of GAPDH remains unclear, and speculation about interference on nuclear porosity by infection seems unfounded in light of this evidence.
It is worth noting that treatment with LPS alone resulted in a slightly higher proportion of GAPDH positive nuclei than treatment of cells with LPS and rmIFNγ together. Thus it is worth considering that infection may be resulting in the inhibition of GAPDH nuclear translocation, or it might be that GAPDH doesn’t actually translocate into the nucleus under any conditions other than during endotoxin exposure. The latter event suggests that the paradigm has been established on the aberrant case, and that in the context of bacterial infection, the process isn’t involved. However, given that LPS was included along with all infection groups and that the absence of GAPDH translocation was only observed when bacteria were metabolically active, the data would suggest that the former is the case. Future work will aim to investigate this further. 
This chapter also presents data attempting to resolve potential downstream ramifications due to perturbation of GAPDH nuclear translocation in response to an infection. The levels of cellular acetylated protein were analysed to try and elucidate whether the absence of GAPDH translocation in the infected cells led to a prevention of associated protein acetylation. However SDS-PAGE gels of isolated proteins seemed to suggest there was no discernible differences between the levels of acetylated proteins in a manner that mirrored the results observed for translocation of GAPDH. 
These results cannot be taken as a definitive proof of the impact of infection on acetylation status as a result of altered GAPDH translocation, as this represents the total acetylation profile of the cell, and not just the nucleus. This was because not enough protein could be extracted from nuclear isolates to meet the detection limits of the pulldown assay. As a result the level of acetylation in the cytoplasm may have masked any small differences occurring in the nuclear acetylation profile. Unfortunately, due to ongoing problems with the antibody, it was not possible to look solely at the levels of acetylated p300, which would have provided a more accurate indication of any ramifications for downstream signalling as a result of repressed GAPDH translocation
































[bookmark: _Toc367660597]Chapter 6: Effect of meningococcal septicaemia on murine systemic S‑nitrosothiol concentrations
[bookmark: _Toc367660598]6.1 Introduction
As discussed in chapter 1, there is increasing appreciation for the role of S‑nitrosylation in cellular biology. There are a growing number of proteins demonstrated to be regulated by this form of post-translational protein modification, including some associated with sepsis as well as a growing number of disease states (Foster et al., 2009a). Previous work has shown that infection with a variety of microorganisms capable of detoxifying nitric oxide is associated with a reduced level of total cell S-nitrosothiol in LPS and rmIFNγ stimulated murine macrophage cells, including Neisseria meningitidis and its associated NorB enzyme. 
However, murine macrophages do not represent an ideal model for meningococcal infection. Not only is this model not physiologically relevant, given that the only natural biological reservoir of the meningococcus is man; but the consideration of macrophage cells in isolation, without the myriad of other signals and responses from various cell types and tissues, is limiting, especially for a complex disease state such as fulminant acute sepsis. With this in mind, it was decided that in order to try and verify the observation that the presence of bacterial nitric oxide detoxification machinery is capable of preventing SNO formation, an in vivo model was required.
This chapter details the construction and use of a murine model of meningococcal septicaemia, utilising the C57Bl/6 laboratory strain of inbred mice. The purpose of the model was to ascertain if the levels of S-nitrosothiol could be increased in vivo, in response to endotoxin stimulation and whether infection with a variety of mutant strains of Neisseria meningitidis MC58 would be capable of modifying the levels of SNO formation at the level of the tissue.


[bookmark: _Toc367660599]6.2 Principles and methodology
[bookmark: _Toc367660600]6.2.1 Ozone-Based Chemiluminescence, (OBC) 
OBC is regarded as the most sensitive and accurate method with which information regarding the production, consumption and bioavailability of NO and NO metabolites can be obtained. OBC is a measurement technique that exploits specific chemical reactions and their luminescent properties to quantify the levels of NO, or when linked to reductive chemistry, the oxidised derivatives of NO such as nitrites (NO2-) and nitrates (NO3-).  
The reaction of NO with ozone, O3, occurs in the gas phase and leads to the production of NO2, a proportion of which is in an excited state (NO2*). Return to ground state occurs either by mechanical quenching or though the release of a photon (hν). This photon gives rise to a peak intensity of ~1100 nm, detected in the red and near-infrared region of the electromagnetic spectrum. This emission of light is proportional to the amount of NO and thus can be used to calculate how much NO was originally present in the sample. However, this is heavily influenced by the temperature and pressure of the system (Gorimar, 1985).  

[bookmark: _Toc367660601]6.2.2 NO chemiluminescence analyser
The NO chemiluminescence analyser (Sievers 280i NOA, Boulder, CA) consists of an ozone generator, a reaction cell and a cooled, sensitive photomultiplier tube. The ozone generator produces O3 in great excess, to prevent it becoming a limiting factor in the reaction with NO, by providing a high-voltage electrostatic discharge into oxygen. Oxygen is supplied to the machine at a constant rate to allow this process to occur. A vacuum draws the sample for analysis through a gas-impermeable tube to the reaction cell, where it comes into contact and reacts with O3. The vacuum created in the reaction cell by the vacuum pump helps to reduce mechanical quenching (collision with other molecules) of excited NO2* as well as stabilising NO by removing O2, which would otherwise react with NO to form NO2. Upon contact with O3, NO2 does not emit light; hence this would detract from the signal detected. 
A Photomultiplier Tube (PMT), which is an extremely sensitive detector of light in the near-infrared range, is used to multiply the current produced by incident light. This is important given that the red and infrared light emitted from the relaxation of NO2* is relatively weak and a PMT is capable of enabling individual photons to be detected when the flux of light is very low. The impact of these photons striking a photosensitive surface leads to the release of electrons as a consequence of the photoelectric effect. These electrons are accelerated towards the electron multiplier, consisting of a number of dynodes, by an electric field. Interaction with the first dynode leads to release of more low energy electrons, which are in turn accelerated towards a second dynode and so forth up the dynode chain, leading to the amplification of a single photon to several million electrons. Eventually the electrons are directed towards the anode, where the accumulation of charge results in the production of a current pulse, indicating the arrival of a photon at the photocathode. This current measured by the chemiluminescence analyser is used to determine the NO signal. This is digitalised and relayed to a computer, where signal is plotted as the intensity of the signal (mV) against time by the LIQUID software. 
Given that the reaction between NO and O3 occurs in the gas phase, it is necessary to first strip NO from the liquid to gas phase prior to entry into the analyser. NO has a high partition co-efficient, therefore it will readily diffuse into the gas phase. An inert gas, such as nitrogen, is passed through the liquid sample in the purging vessel. This assists the movement of NO into the gas phase and also helps to maintain an oxygen-depleted environment. 

[bookmark: _Toc367660602]6.2.3 Measurement of NO metabolites in liquid samples
In order to measure the amount of other nitrogen oxides present in liquid samples, it is necessary to generate NO using a reducing agent. This procedure occurs in the purging vessel. In order to convert NO2- to NO, a 1 % solution of NaI in glacial acetic acid is used:
2I- + 2NO2- + 2H+                2NO + I2 + H2O  
Note that the generation of I2 in this reaction will eventually lead to the production of tri-iodide (I3-) (see below), thus requiring that only a limited number of samples are analysed in a particular batch of reagent.
Much stronger reducing agent is required to reduce higher oxides of NO, such as NO3-, to NO and this can be achieved using a saturated solution of vanadium chloride (VCl3):
2NO3- + 3V+ + 2H2O               2NO 3VO2+ + 4H+
The strength of VCl3 as a reducing agent is enough to also convert nitrite and S‑nitrosocompounds into NO. Therefore VCl3 releases the total amount of nitrogen oxides from a given liquid sample (NOX). 
The purging vessel is surrounded by a water jacket, which is connected to a circulating water bath, allowing the required temperature for each reaction to be controlled. Also, when an acid is used, any gas released from the purging vessel is passed through an acid-vapour trap, containing 1 M NaOH in order to neutralise the acidic vapours that might be present in order to prevent any associated damage to the analyser.  
In order to measure S-nitrosothiols a variety of different reducing agents can be used, however the most widely accepted methodology utilises tri-iodide (I3-) as a reagent to relieve NO from the sulphur bond in SNO. This was initially used to measure low molecular weight SNO (Samouilov and Zweier, 1998) but has since been adapted to allow measurement of larger SNO molecules including S‑nitrosoalbumin (Marley et al., 2000). 
I2 + I-         I3- 
I3- + 2RSNO        3I- + 2RS + 2NO+
2NO+ + 2I-        2NO + I2
RSNO        RS   + NO
2RS           RSSR
Similar to VCl3, I3- is sufficiently strong to allow detection of all reducible NO species, with the exception of NO3-. Therefore when using a tri-iodide solution to elucidate the concentration of SNO in a given sample, it is of key importance to discriminate and separate signals occurring as a result of reduction of each individual species. This can be achieved by the use of acidified sulphanilamide treatment to allow elimination of the signal from NO2-. At low temperatures, nitrite reacts with sulphanilamide to produce a stable diazonium salt. This is not reduced to NO when introduced to the tri‑iodide reagent and hence is effectively removed from the analysis.  
Further separation of signal is achieved by treatment of samples with mercury chloride, HgCl2. The reaction of Hg2+ ions with SNO leads to decomposition of the aforementioned SNO, releasing a nitrosonium ion (NO+) and effectively replacing the NO group with an Hg+ ion. The subsequent conversion of NO+ to NO2- makes it necessary to subsequently treat the sample with acidified sulphanilamide. In order to determine the NO chemiluminescence signal derived exclusively from SNO, the corrected signal for the Hg2+ and sulphanilamide treated sample can then be deducted from that of the sulphanilamide only treated sample.

[bookmark: _Toc367660603]6.2.4 Preparation of biological samples
The methodology used to create cell lysates is of critical importance when attempting to measure SNO in biological samples. The use of detergents to prepare lysates for analysis by chemiluminescence is unsuitable, due to the tendency of these to produce excessive foam within the purging vessel. The inclusion of an anti-foaming agent in the purging vessel is advised, as foam formation will alter the release of NO from the solution over time; however this is not always enough to prevent sample foaming. An alternative to the use of a detergent is sonication to disrupt cell membranes. However, exposing low molecular weight thiol to ultrasonification in air has also been shown to generate S-nitrosocompounds (Stepuro et al., 2000), rendering it unsuitable for this application. Therefore, this work uses a lysis buffer containing 2 % saponin (from Quillaja bark) as an alternative method for liberating the cytoplasmic contents of the cell via the formation of insoluble complexes of cell membrane sterols with the aglycone moiety of saponin resulting in large pore formation (Bangham et al., 1962). Routine use of this reagent in our laboratory has given no excessive foaming within the purging vessel.

[image: ]Nitrogen gas

[bookmark: _Toc367544661][bookmark: _Toc367544821][bookmark: _Toc367545094][bookmark: _Toc367661078]Figure 6.1: Ozone-based chemiluminescence mechanisms and apparatus. Samples and standards are injected into the reductive solution contained in the glass purge vessel, which is bubbled with nitrogen gas. NO in the headspace is carried through an NaOH-trap into the NOA, which generates ozone to react with NO. The reaction of NO with ozone produces chemiluminescence which is detected by the photomultiplier tube and the signal is recorded by LIQUID data recording software. Figure reproduced from Samouilov and Zweier, 1998.  Nitrogen gas






[bookmark: _Toc367660604]6.3 Results
[bookmark: _Toc367660605]6.3.1 LPS and rmIFNγ can reproducibly stimulate the endogenous synthesis of S-nitrosothiol in vivo
Rationale and methods
In order to investigate whether meningococcal NorB is capable of modifying the S‑nitrosylation status of host proteins in vivo, it was necessary to construct a suitable infection model. Firstly, it was important to establish if the systemic levels of SNO could be increased and hence allow any potential depletion to become apparent. During the course of these experiments attempts were made to increase the levels of S-nitrosylation within C57Bl/6 mice via treatment with LPS and/or rmIFNγ at a dose that could be tolerated by the mice. 
C57Bl/6 mice were inoculated intraperitoneally (i/p) with a bolus injection of a range of concentrations of LPS (2.5 x 104 EU g‑1 - 1.5 x 106 EU g-1) and/or rmIFNγ (40, 000 units g-1), prepared in LPS-free PBS (section 2.4.2). It was hypothesised that this would up-regulate iNOS, which would increase the systemic synthesis of NO, and thus the number of S-nitrosylated proteins that could be detected. Mice were monitored continually over a time course, with either hourly or, as the severity of the subject’s condition increased, half hourly severity scoring performed to determine the acceptable limits of suffering (table 2.2). Either at the appropriate time, or when severity limits were exceeded, mice were terminally anaesthetised using an i/p injection of sodium pentobarbitone (5 units/mouse). When mid-plane anaesthesia was achieved, characterised by loss of the pedal withdrawal reflex, the mice were exsanguinated, and blood and organ samples were harvested in short order (section 2.4.3). Tissue samples were, where appropriate, macerated through cell sieves to produce cell suspensions (section 2.4.5), which were subsequently prepared for measurement using I3- dependant ozone-based chemiluminescence to give the SNO concentration of each sample (section 2.5.2). All liver results were normalised to the protein concentration of the lysate (section 2.6.3). Cell lysates were also subjected to the biotin switch technique (section 2.5.3.3) followed by analysis with a western blot (section 2.7.2.1) which was probed with streptavidin-HRP conjugate. 
Results
Initial experiments were carried out to establish the concentration of LPS that could be tolerated by the mice and that elicits a detectable SNO signal from the NO analyser. A titration of LPS doses was carried out varying from 1.5 x 106 – 2.5 x 104 EU g-1. It was found that the only dose tolerated for at least 24 h, allowing the mice to be appropriately euthanized without exceeding severity limits, was 2.5 x 104 EU g-1 (data not shown). This was thus used in all subsequent experiments. 	Comment by Karl Wooldridge: Was this based on figures from the literature? – add reference!
It was then important to find the time post-LPS inoculation that an increased SNO signal could be detected in tissues. The mice were injected i/p with 2.5 x 104 EU g-1 LPS, and an equivalent PBS control for each time point.  At 2, 4, 6, 8 and 18 h mice were culled and kidneys, spleen, liver and blood were removed for processing (section 2.4.5). For these experiments exsanguination was carried out from a peritoneal artery. Following sample preparation, both the organ lysates and plasma were subjected to I3--dependant, ozone-based chemiluminescence and the lysates alone were analysed using the biotin switch assay. Figure 6.2 suggests that addition of LPS increases the detectable levels of S-nitrosothiols present in liver lysates by at least two fold by 8 h post inoculation compared to mice inoculated with PBS or those after only 2 h following treatment. A similar effect was also observed in plasma (data not shown). However, other organs were found to contain undetectable levels of SNO, these were thus abandoned in favour of measuring the [SNO] of plasma and liver lysates alone. Measurement of SNO concentrations in murine liver suggests that there is a basal level of SNO of less than 5 pmol mg -1 (figure 6.2 A). Post-LPS inoculation there was a small accumulation in the concentration of S-nitrosothiol measured. As early as 4 h liver [SNO] had risen to 17.9 pmol mg-1 (IQR = 13.4 - 22.5 pmol mg-1), continuing to rise through 6 h (28.0, IQR = 9.72 – 46.2 pmol mg-1) and 8 h (30.4, IQR = 14.9 – 45.9 pmol mg-1 respectively). By 18 h post-inoculation [SNO] had begun to decline, reaching 18.8 pmol mg-1 (IQR = 2.51 – 35.08) (figure 6.2 B). This is supported by data generated from the biotin switch assay of the liver lysates, which shows an increase in the number and intensity of protein bands at 8 h post inoculation compared to 2 and 18 h, as well as a lack of detectable protein present in kidney or spleen (figure 6.3).   
Having established that inoculation with LPS was capable of inducing the production of S‑nitrosothiol, the possibility that combined treatment with LPS and rmIFNγ might produce a more robust signal was investigated. This was because it was important to try and establish a relatively high level of detectable S-nitrosothiol so that any reduction as a result of infection would be apparent within the parameters of the equipment. Therefore 40, 000 units g-1 of recombinant mouse interferon-gamma was either used to inoculate mice individually or in combination with LPS and the levels of S‑nitrosothiol measured in liver lysates following 8 h of treatment, as described previously. Post-LPS inoculation there was a significant increase in detectable levels of SNO (42.4 ± 3.65 pmol mg-1) compared to liver lysates from mice that were inoculated with PBS only (13.0 ± 4.7 pmol mg-1) (figure 6.4). Although treatment with rmIFNγ led to a slight increase in the level of SNO (33.3 ± 8.36 pmol mg-1) this was not significantly different from any other group. A combination treatment with LPS/rmIFNγ (75.6 ± 28.8 pmol mg-1) was not significantly different from treatment with LPS alone. For this reason, and to try and avoid overcomplicating the system, it was decided that a treatment of LPS alone would be used to allow a level of detectable baseline SNO, from which any reduction as a result of bacterial infection could be measured.
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[bookmark: _Toc367544662][bookmark: _Toc367544822][bookmark: _Toc367545095][bookmark: _Toc367661079]Figure 6.2: S-nitrosothiol concentration of murine liver lysates, derived from livers of mice inoculated intraperitoneally with either: (B) a bolus of E. coli LPS (25, 000 EU g-1) or (A) an equivalent volumetric dose of LPS-free PBS. These samples were measured using I3 ‑dependant, ozone-based chemiluminescence with reference to a GSNO standard curve. Bars denote median ± IQR, n≤2.
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[bookmark: _Toc367544663][bookmark: _Toc367544823][bookmark: _Toc367545096][bookmark: _Toc367661080]Figure 6.3: Levels of S-nitrosylated protein in organ lysates from LPS inoculated C57Bl/6 mice. Lysates were subjected to the biotin switch assay followed by an immunoblot. Equal amounts of protein eluted from the resin were run on an SDS-PAGE to resolve individual proteins. (A) Levels of S‑nitrosylated protein in liver lysates derived from LPS inoculated mouse liver. (B) Levels of S-nitrosylated protein in liver, spleen and kidney lysates derived from LPS inoculated mice. A CysNO treated lysate was used as a procedural control.










[bookmark: _Toc367544664][bookmark: _Toc367544824][bookmark: _Toc367545097][bookmark: _Toc367661081]Figure 6.4: S-nitrosothiol concentration of murine liver lysates, derived from livers of mice inoculated intraperitoneally with either LPS and/or rmIFNγ. C57Bl/6 mice were inoculated with either 25, 000 EU g-1 LPS or 40, 000 units g-1 rmIFNγ or a combination of the two for a period of 8 h. Mice were subsequently euthanized and liver lysates produced. S‑nitrosothiol content of liver lysates were analysed by I3- dependent ozone-based chemiluminescence, with reference to a GSNO standard curve. An equivalent volumetric dose of LPS-free PBS was used as a negative control. Bars denote mean ± SEM, **p<0.01, n≤3 unpaired Students t-test.

[bookmark: _Toc367660606]6.3.2 Meningococcal septicaemia can be induced using i/p bolus of viable Neisseria meningitidis
Rationale and methods
In order to investigate any potential impact of SNO depletion as a result of neisserial infection; it was first important to describe the infection kinetics of Neisseria meningitidis in vivo. It was necessary to determine the number of bacteria required to give reproducible, systemic infection, with detectable viable bacteria in whole blood and liver lysates. Thus, a comparable infection could be obtained with both wild type and the ΔnorB mutant strain of Neisseria meningitidis. In a series of preliminary experiments mice were infected via i/p injection of 106, 107, 108, 109 and 1010 wt or ΔnorB bacteria and monitored for 24 h. The mice were then culled and blood and liver taken for analysis. Blood was taken by cardiac puncture (section 2.4.3), in order to try and avoid contamination by bacteria directly from the injection site, giving a false positive for the state of infection. Whole blood and saponised liver lysates (section 2.4.5) were serially diluted ten-fold and plated on CBA before being incubated over night. Each colony was assumed to have grown from a single, viable bacterium.
Results
By varying the size of bacterial inocula, a threshold for reliable induction of bacteraemia in mice was determined. At 24 h post infection a dose of 106 and 107 produced no detectable signs of sepsis (morbidity, fever and piloerection), with no viable bacteria in the blood and liver lysates, regardless of strain. A dose of 108 bacteria displayed mixed efficacy, inducing bacteraemia in most cases of wild type Neisseria infection, but failing to do so in the case of the ΔnorB mutant derivative (data not shown). A dose of 1010 displayed an unexpectedly severe response, resulting in death of the mouse within the 24 h. To prevent unnecessary suffering this dose was not repeated again. When inocula of 109 bacteria was used, a viable infection was demonstrated, with Neisseria meningitidis being recovered from murine blood and liver lysates after infection with both wt and ΔnorB strains, at a concentration consistently in the range of 107 - 109 cfu. 
This investigation demonstrated that meningococcal septicaemia could be induced in mice, alleviating concerns about severe attenuation of the ΔnorB strain compared to wild type. Based on these results, an inoculum of 109 bacteria was chosen for infection. Supported by the observation of enhanced [SNO] in LPS-treated mouse liver lysates at 4 h, this was chosen as a suitable time point to provide usable data, whilst minimising the suffering of the test-subjects.  

[bookmark: _Toc367660607]6.3.3 Systemic infection of mice with Neisseria meningitidis does not affect the formation of SNO in plasma and/or liver after 4 h in a meningococcal nitric oxide reductase, NorB, dependant manner  
Rationale and methods
So far evidence has been presented detailing the construction and characterisation of an S‑nitrosothiol-rich murine model, as well as the appropriate number of bacteria necessary to sustain a viable infection. It was then important to establish if infection of a SNO rich mouse depleted or prevented the formation of detectable S‑nitrosothiol.
To this end, C57Bl/6 mice were inoculated with either 25,000 EU g-1 LPS or an equivalent volumetric dose of endotoxin free PBS. Appropriate mice were then co-infected with a dose of 1 x 109 of either wild type Neisseria meningitidis or the ΔnorB mutant derivative. A heat-killed wild type bacterial infection, which is metabolically inert, was used as a negative control for the involvement of NorB. A wild type only infection, containing no LPS, was also used. At 4 h post infection mice were culled and plasma and liver lysate samples were prepared (section 2.4). These were then subjected to measurement with I3- dependant ozone-based chemiluminescence. For liver, S-nitrosothiol concentration measured was then standardised to the protein concentration present in each lysate (section 2.6.3). This [protein] was calculated as the mean of measurements from duplicate assays of each lysate. Only data from plasma and liver lysates that possessed a viable bacterial infection (figure 6.7) were further analysed. All values quoted represent the median of each data set along with the interquartile range (IQR).
Results
All collected material contained at least a small concentration of S-nitrosothiol, with PBS-inoculated mice displaying a [SNO] of 7.36 pmol mg-1 in liver lysates (figure 6.5 B) (IQR = 0.5 - 22.3) and 52 nM (IQR = 2.2 - 108.1) in plasma (figure 6.5 A). Post-LPS inoculation, plasma displayed a similar level of SNO to that of basal levels (65 nM, IQR = 17.1 - 108.2). Levels in liver were increased to 20.29 pmol mg-1 (IQR = 5.5 - 27.5) after addition of LPS. Co-infection of LPS-injected mice with either wild type or ΔnorB Neisseria meningitidis had no significant impact on plasma SNO concentrations, displaying [SNO] of 15 nM (IQR = 3.6 - 57.5) and 44 nM (IQR = 19.8 - 99.8) respectively. This was also the case in liver, with lysates exhibiting [SNO] of 15.7 pmol mg-1 (IQR = 8.0 - 22.9) when co-infected with wt bacteria, and 15.8 pmol mg-1 (IQR = 3.1 - 82.1), in the presence of ΔnorB bacteria. Infection with wild type Neisseria only, i.e. in the absence of LPS, and the heat-killed version of wt MC58 also demonstrated no significant impact on [SNO], with plasma displaying concentrations of  43.9 nM (IQR = 10.3 - 92.7) and 31.6 nM (IQR = 12.6 - 62.0) respectively. Liver lysate [SNO] was similarly unaffected (12.7, IQR = 6.8 - 28.2 pmol mg-1 and 16.9, IQR = 8.7 - 42.3 pmol mg-1, respectively). 
As there was no obvious difference between any of the groups in terms of S‑nitrosothiol content, it was decided to investigate the total number of I3- reactive species present in the samples, which includes nitrite and nitrosamines. All samples contained a detectable level of I3- reactive species; however there was no significant difference between any of the groups investigated. The level detected from PBS-inoclated mice liver lysates (figure 6.6 B) was 56.01 nM (IQR = 28.03 – 113) and 111 nM (IQR = 71.4 - 293) in the plasma (figure 6.6 A). This stayed relatively constant for all groups measured. There was a slight drop in the level of reactive species in wt infected liver lysates, 35.36 nM (IQR = 30.4 - 62.4), compared to those stimulated with LPS, 49.7 nM (IQR = 33.3 - 89.6), or infected with the ΔnorB mutant derivative, 42.3 nM (IQR = 33.4 - 92.2). 
Paradoxically, there appeared to be a slight increase in reactive species detected in plasma from mice infected with wt bacteria following LPS treatment. These contained 169.3 nM (IQR = 52.6 - 351) compared to 135 nM (IQR = 75.5 ‑ 225) in those infected with ΔnorB, treated with LPS (103, IQR = 65.4 - 181 nM) and 82 nM (IQR = 59.4 ‑ 300) in those infected with wt bacteria only.
There was no significant difference between any of the groups in terms of the number of bacteria used to inoculate the mice, or the number of bacteria recovered at the end of the infection period from either the blood or liver lysates (figure 6.7). The number of ΔnorB bacteria present in the inoculum was slightly higher than that containing wt bacteria, 3.07 x 109 cfu ml-1 (IQR = 5.7 x 108 - 4.7 x 109), compared to 4.53 x 108 cfu ml-1 (IQR = 3.83 x 108 - 4.81 x 108). However there was no statistical difference between the two groups and the numbers of bacteria present in the blood and liver lysate post infection were the same for both infection groups. The number of bacteria retrieved from the blood of those mice infected with wt bacteria only, in the absence of LPS treatment, were slightly lower than those retrieved for the other two infection groups, 7.37 x 107 cfu ml-1 (IQR = 2.2 x 107 - 2.97 x 108). However, this difference was not statistically significant.
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[bookmark: _Toc367544665][bookmark: _Toc367544825][bookmark: _Toc367545098][bookmark: _Toc367661082]Figure 6.5: S-nitrosothiol concentration of plasma or liver lysates extracted from C57Bl/6 mice measured 4 h following bolus injection with either LPS (± wild type/ΔnorB Neisseria meningitidis) or volumetric equivalent of endotoxin-free PBS (± wild type Neisseria meningitidis). Where indicated, C57Bl/6 mice were inoculated with 25, 000 EU g‑1 of LPS supplemented where appropriate with either 109 wt or ΔnorB Neisseria meningitidis for a period of 4 h. hkwt refers to heat-killed, wild type control. Mice were subsequently euthanized and plasma and liver lysates prepared. S-nitrosothiol content was determined by I3- dependant, ozone-based chemiluminescence with reference to a GSNO standard curve. An equivalent volumetric dose of LPS-free PBS was used as a negative control. (A) Plasma S‑nitrosothiol concentrations. Bars denote median, n≥6. (B) Murine liver lysate S‑nitrosothiol concentrations. Bars denote median, n≥4. 
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[bookmark: _Toc367544666][bookmark: _Toc367544826][bookmark: _Toc367545099][bookmark: _Toc367661083]Figure 6.6: I3- reactive species concentration from plasma or liver lysates extracted from C57Bl/6 mice measured 4 h following bolus injection with either LPS (± wild type/ΔnorB Neisseria meningitidis) or volumetric equivalent of endotoxin-free PBS (± wild type Neisseria meningitidis). Where indicated, C57Bl/6 mice were inoculated with 25, 000 EU g‑1 of LPS supplemented where appropriate with either 109 wt or ΔnorB Neisseria meningitidis for a period of 4 h. hkwt refers to heat-killed, wild type control. Mice were subsequently euthanized and plasma and liver lysates prepared. Total I3- reactive species were determined by I3- dependant, ozone-based chemiluminescence with reference to a GSNO standard curve. An equivalent volumetric dose of LPS-free PBS was used as a negative control. (A) Plasma I3- reactive species concentration. Bars denote median, n≥6. (B) Murine liver lysate I3- reactive species concentration. Bars denote median, n≥4.
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[bookmark: _Toc367544667][bookmark: _Toc367544827][bookmark: _Toc367545100][bookmark: _Toc367661084]Figure 6.7: Number of viable bacteria retrieved from inocula, plasma and liver lysates. Samples were serially diluted and each dilution was plated in triplicate on CBA plates. These were then incubated overnight at 37 °C, 5% CO2. Colonies were counted and colony forming units calculated. This was used to give; (A) The number of bacteria present in the initial inocula injected into the mice, (B) The number of bacteria retrieved from whole blood of the mice, and (C) The number of bacteria retrieved from the liver of mice normalised to the weight of the liver. 




[bookmark: _Toc367660608]6.4 Discussion
This chapter details the construction and characterisation of an in vivo model to try and elucidate whether bacteria expressing nitric oxide detoxification machinery are capable of depleting or preventing SNO formation in a living organism. The data presented here show that the formation of S-nitrosothiol can be induced by stimulation with LPS. However, concomitant infection with either Neisseria meningitidis capable of expressing the NO detoxification enzyme, NorB, or those that are incapable of this had no significant impact on the level of detectable S‑nitrosothiol in either mouse liver or plasma derived from blood samples. Data is also presented showing that infection had no impact on the total level of I3- reactive species, either in the presence or absence of the capability of the bacteria to express the NorB enzyme. 
The data shows that inoculation of C57Bl/6 mice with LPS is capable of inducing the formation of SNO within the liver, presumably through expression of the inducible NOS enzyme. This occured within 4 h post treatment and by 18 h post inoculation the level of S-nitrosothiol had declined to a level similar to that found in mice that received an i/p bolus of LPS-free PBS instead. Mice who received a PBS inoculation saw no increase in the level of SNO at any time point investigated. Work by Liu et al., 2004, has also shown that inoculation with LPS is capable of inducing SNO formation in an iNOS dependent manner, and would suggest that the decline in SNO observed at 18 h is associated with GSNOR activity, as in their model GSNOR deficient mice did not show this decline over time. This work, amongst others suggests that the presence of GSNOR is crucial to protect against tissue damage and mortality in response to septic shock owing to this removal of SNO (Sips et al., 2013).
The data presented here also demonstrates that treatment with rmIFNγ only, although capable of increasing the levels marginally when compared to LPS treated mice, was not capable of significantly increasing the abundance of SNO present in either plasma or liver. When used in combination with LPS, there was a slight increase in SNO abundance compared to either treatment in isolation; however this was not significantly different to when LPS was used alone. As previously mentioned, it has been observed that IFNγ alone is not capable of inducing NO production in a murine macrophage cell line; however in isolated primary murine peritoneal macrophages an increase was observed (Ding et al., 1988), hence why the ability to illicit an increase was investigated in these experiments. An impaired response to IFNγ leading to reduced NO production has been associated with the aging of the mice (Ding et al., 1994) however the mice used in this experiment were all aged between 7-10 weeks and thus considered young. 
It was decided that LPS would be used in isolation to try and prevent over complication of the system, especially considering the mice were subsequently infected with Neisseria meningitidis. Preliminary experiments suggested that an infection with a dose of 109 bacteria was capable of giving rise to septicaemia of the mice, with bacteria being recovered from both the blood and the liver up to 24 h post infection, in numbers similar to other studies analysing meningococcal bacteraemia in a mouse model (Plant et al., 2006). This alleviated concerns that the absence of the NorB enzyme might lead to attenuation of the strain, as seen previously in a macrophage model (Stevanin et al., 2005). However, the fact that there was no attenuation of the bacteria might in itself be a source of concern. Given that the NorB enzyme has been shown to be important for the survival of the bacterium (Stevanin et al., 2005) this might suggest that in these experiments, the mice are not producing sufficient NO within the timescale to contribute sufficiently to the killing of the invading microorganism or perhaps to elicit expression of the NorB enzyme. A more effective strategy might involve pre-stimulating the mice with LPS to increase iNOS activity prior to i/p introduction of bacteria. 
The results described in section 6.3.3 show that an infection with Neisseria meningitidis had no impact on the level of detectable S-nitrosothiol or I3- reactive species in either the plasma or the liver of infected mice. Although inoculation with LPS led to a slight increase in [SNO] in both the plasma and liver lysates, this was not significant in either case. Infection with wt bacteria did trend towards a decrease in plasma S‑nitrosothiol; something not observed either in the absence of the norB gene or when wt bacteria were heat killed. However this was not seen in the case of mice infected with bacteria only, in the absence of LPS treatment. The difference observed in wt only infected as compared to LPSwt can plausibly be explained in a number of ways. The absence of concomitant LPS treatment could mean a lower level of NO production at this time point due to a reduced signalling response, resulting in a slower activation of iNOS. This might have implications in terms of delayed expression of the NorB enzyme due to the continued binding of the NO sensitive repressor, NsrR. Alternatively, it became apparent that there were fewer viable bacteria recovered from plasma at the end of the experiment, although not significantly so, from those mice that received bacteria only. The presence of additional LPS may convey a survival advantage to bacteria, preventing them from being cleared from the system as easily and thus able to detoxify NO more effectively; if indeed NO detoxification is occurring. It is important to note that none of the groups investigated displayed any statistical difference from one another. This trend was not repeated in liver lysates, which in general displayed lower levels of NO species than plasma. The levels of RSNO in the blood have previously been shown to vary in several pathological conditions (Foster et al., 2003) and LPS has been shown to increase levels of SNO-Haemoglobin (Hb) in a rodent model (Jourd'heuil et al., 2000). It could be argued that given that the most abundant thiol in plasma is serum albumin, which is S‑nitrosylated by low molecular weight thiols (Crane et al., 2002); it represents a more freely available reservoir of SNO to allow trans-nitrosylation of other proteins when required. This might be more susceptible to interception and degradation as a result of nitric oxide detoxification, given that NorB is capable of increasing the rate of degradation of the low molecular weight thiol, GSNO (Laver et al., 2010). In comparison the liver has been suggested to have an extensive nitrosoproteome (Lopez-Sanchez et al., 2008) involved in the maintenance of cellular homeostasis, which is likely to be extremely tightly regulated and might consist of a variety of more stable S‑nitrosylated proteins.   
It is also worth noting that the genome of Neisseria meningitidis contains cycP, encoding cytchrome c’ a single heme-containing molecule which, as previously discussed, is capable of detoxifying NO, although it is not capable of depleting NO during microaerophilic NO2- respiration by N. meningitidis (Anjum et al., 2002). This has the potential to confound results as CycP has been shown to be necessary to enhance survival in the nasopharyngeal mucosa (Stevanin et al., 2005), suggesting a role in NO detoxification in the aforementioned model. However, if CycP was playing a role in NO detoxification in this model it would be hypothesised that a difference between mice treated with LPS and those also exposed to an infection would still become apparent. As this was not the case, a confounding role for CycP can most likely be eliminated.  
It also worth considering the rate of NO consumption by NorB relative to that of NO production due to iNOS activity. If the rate of NO detoxification is low compared to its production by host cells, then the presence of a NorB expressing infection would be negligible. MC58 removes NO from solution at a rate of 12 nmol min‑1 mg-1 of protein (Anjum et al., 2002)._Experiments investigating a microorganism with a higher turnover of NO, such as flavohaemoglobin, which is much more efficient for catalysing the deoxygention of NO, might be more successful.  
Whilst it could be argued that a mouse model is not representative of a natural meningococcal infection, the post translational modification of S-nitrosylation is conserved throughout species and this work was intended to try and replicate the findings observed by Laver et al., 2010 in an in vivo system as a proof of principle. It is important to point out that the iron-binding glycoprotein, transferrin, was not included in these experiments. Previous work has shown that transgenic mice expressing human transferrin represent a more appropriate model for meningococcal infection, with the rapid clearance of bacteria from the blood stream often associated with a meningococcal mouse model being reduced (Zarantonelli et al., 2007). During the course of these experiments bacteria were consistently recovered from the blood and liver of the mice after a sustained infection, therefore transferrin was not included in the model. However, given that the Ferric uptake regulator (Fur), whose primary role is the regulation of gene expression in response to iron limitation, has been demonstrated to bind to the intergenic promoter region of aniA and norB and function as an activator for a large regulon in Neisseria meningitidis (Delany et al., 2004), the ability to access host iron may be critical to gene expression. Neisseria meningitidis cannot utilise iron from a murine source and this may have consequences for NorB expression. If NorB was not expressed during the course of the infection, there would be no resultant NO detoxification and therefore no difference in [SNO] would be apparent. 
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Chapter 7: Final discussion
[bookmark: _Toc367660610]7.1 Summary
The work described in this thesis details investigations into the interface between the partial denitrification pathway of Neisseria meningitidis and the host cell response to infection. Specifically, experiments were undertaken to investigate the impact of the meningococcal nitric oxide reductase on host factors known to be regulated by NO and its derivatives. 
In chapter 3, evidence is presented of the construction of a cell model to analyse the effect of bacterial NO detoxification on caspase-3 activity and cell survival. This was undertaken as various factors involved in cell death, including caspase-3, have been shown to be regulated by NO and S-nitrosylation, and the bacterial enzyme, NorB, has been associated with a reduction in host cell S‑nitrosothiol content (Laver et al., 2010). After demonstrating that there was a significant difference in caspase-3 activity between murine macrophage cells infected with wt N. meningitidis compared to those infected with a ΔnorB mutant derivative, and that this was dependent on the presence of the norB gene and not the number of bacteria in the system, a flow cytometry based experiment was designed to analyse the levels of cell death and mitochondrial membrane potential following an infection. The data presented show that there is a significant difference in survival of cells following infection with wt bacteria compared to infection with ΔnorB at 20 h post infection, with those cells infected with wt bacteria showing a significantly reduced survival rate. There was also a significant difference in terms of mitochondrial membrane potential, with macrophages infected with wt bacteria displaying a propensity for earlier loss of MMP, occurring at 12 h post infection; a phenomenon that did not occur until 16 h following infection with ΔnorB bacteria. 
In chapter 4, the impact of bacterial NO detoxification on the nuclear translocation and activity of NFκB was investigated. This target was chosen for investigation due to extensive literature showing it to be regulated in an S‑nitrosylation dependent manner. The data presented shows that following stimulation with LPS/rmIFNγ or whole N. meningitidis, NFκB translocates to the nucleus where it binds to its specific oligonucleotide sequence. Subsequent expression of iNOS leads to S-nitrosylation of the p65 subunit of NFκB and inhibition of its binding activity. However, in the case of an infection, inhibition of iNOS did not abrogate this inhibitory effect despite preventing S-nitrosylation in the same manner as following LPS stimulation. This might suggest that another mechanism of NFκB inhibition is occurring following an infection that renders the contribution of S-nitrosylation superfluous. There was no difference in terms of NFκB binding activity in macrophages infected with wt or ΔnorB bacteria, an observation that might be explained by the masking of any affect by either an alternative mechanism of NFκB inhibition or a surplus of nitric oxide in the system. 
The highly conserved and ubiquitous protein glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was also chosen for investigation. This has been shown to be involved in an ever expanding multitude of functions. The work described in chapter 5 details the construction of a model with which to investigate the impact of infection with N. meningitidis and the expression of ΔnorB on GAPDH nuclear translocation. The work demonstrates that stimulation with LPS and rmIFNγ is capable of inducing nuclear translocation of GAPDH and that infection with all strains of bacteria was capable of retarding this process. It also demonstrated that this inhibition could be reversed by addition of the potent trans-nitrosylating agent, CysNO. Although this goes against the hypothesis that the ability of bacteria to detoxify NO affects GAPDH translocation, it does describe a novel mechanism of bacterial pathogenesis which might have further, as yet unidentified, functional consequences.  
The final set of experiments outlined in this work were undertaken with the aim of replicating the observation made by Laver et al., 2010 in an in vivo model. The experiments outlined in chapter 6 detail the construction and characterisation of a SNO-rich murine model with which to measure the impact of Neisseria meningitidis NorB expression on the levels of plasma and tissue S‑nitrosothiol as well as other NO derivatives. There was no significant difference in the levels of S-nitrosothiol or tri-iodide reactive species measured in plasma or liver lysates from mice treated with LPS or concomitantly infected with either wt or ΔnorB bacteria. 
[bookmark: _Toc367660611]7.2 Future work  
[bookmark: _Toc367660612]7.2.1 Physiological consequences of NO detoxification
It is evident that upon infection with norB expressing meningococci, the level of detectable SNO is reduced in a murine macrophage cell line (Laver et al., 2010). The work commenced for this thesis was carried out with the aim of trying to elucidate the nature of this SNO and whether its depletion would have a physiological impact on the cell. However it is still not completely clear whether this SNO represents “functional SNO” such as that implicated in the regulation of NFκB, or a “SNO-pool” the existence of which is purely to mop up excess NO from iNOS, or to provide a reservoir of SNO that might be important for trans-nitrosylation, to maintain the equilibrium. Given that a difference in terms of p65 activity and SNO-p65 could not be detected between any of the infection groups it would seem that not all functional SNO is affected.   
One experiment might involve repeating the experiments outlined in Laver et al., 2010 whilst fractionating the lysates obtained from J774.2 cells based on molecular weight and then measuring their SNO content. This might help to determine if the reduction in SNO is as a result of functional SNO-protein, or from the removal of small molecular weight SNO, such as GSNO. It is important to note that although it might be implied that GSNO does not represent “functional SNO” this does not mean that its removal would not have functional consequences; especially considering its apparent role in the maintenance of equilibrium in S-nitrosothiol based signalling. 
Further work looking at the mechanism involved in the death of macrophage cells following infection with wt bacteria, as described in chapter 3, might involve using a variety of established techniques to discover the exact death route taking place. Given that the data implies removal of NO is associated with a more necrotic form of death, using alternative assays such as the TUNEL assay, to look at DNA fragmentation, or an antibody raised against the p85 fragment of PARP, might help to establish whether the cells are undergoing apoptosis. PARP is a 116 kDa nuclear enzyme involved in DNA repair and is a well-known substrate for caspase-3 cleavage; thus the 85 kDa fragment produced provides an in situ marker for apoptosis. Work would also continue using a human cell model, either establishing a suitable model in MDM cells, or using an endothelial cell line to see if wt infection of NO rich cells is also associated with a death phenotype in an alternative cell system. 
It would also be interesting to try and establish the proteins and pathways involved in infection associated cell death. Given that this process appears to be cGMP independent, a variety of other known members of death cascades could be investigated in this model including Bcl-2, S‑nitrosylation of which is protective against cell death. 
It appears from the data presented here that the ability of bacteria to detoxify NO has no impact on NFκB activity. However, as previously mentioned, in the presence of iNOS inhibition with 1400w it does appear that a difference in the level of SNO-p65 might be apparent, with cells infected with wt bacteria displaying a reduction in SNO-p65 under these conditions. It might be prudent to repeat these experiments further with varying iNOS inhibitors to find out if this is indeed the case. 
The work characterising the inhibition of GAPDH nuclear translocation as a result of infection is interesting, as it is obvious from the data that the process of translocation in response to LPS and rmIFNγ stimulation is regulated by S‑nitrosylation, however the mechanism of bacterial inhibition appears to be independent of this. This represents a novel mechanism of bacterial pathogenesis that requires further investigation. Work has already commenced to look at the levels of other proteins involved in this signalling cascade, including that of the GAPDH binding partner Siah1 and GOSPEL, the latter of which is also regulated by S-nitrosylation. A simple western blot looking at total levels of Siah1 in all of the relevant conditions might help to elucidate if the mechanism of inhibition results from removal of this protein, and thus prevention of nuclear migration due to the absence of a localisation sequence. It would also be interesting to look at the levels of S-nitrosylated GOSPEL using the SNO-RAC technique followed by a western blot. Formation of SNO-GOSPEL increases its binding capacity for GAPDH, thus competing with Siah1 binding and preventing translocation. 
It would also be extremely interesting to look at the potential downstream ramifications of inhibiting GAPDH migration. GAPDH has been implicated in initiation of cell death and cytotoxicity as a result of its translocation; however this is incredibly difficult to measure in an infection setting due to the confounding factors associated with initiation of cell death in response to an infection. Therefore a more specific target will need to be chosen. GAPDH has also been linked with downstream acetylation of various nuclear factors, including p300. Initial attempts were made, as described in chapter 5, to measure the levels of cellular acetylation in response to an infection. However, it would be more appropriate to measure the levels of nuclear acetylation; honing the extraction process to try and increase the protein yield may help to achieve this. Attempts were also made to look at the level of acetylated p300, however ongoing problems with the antibody led to an inability to visualise this. Future work will continue to look at this using new antibodies and fine tuning the technique. GAPDH has also been implicated in a variety of other processes, including transcriptional gene regulation such as that involved in histone H2B transcription (Zheng et al., 2003). It would be worthwhile to look at the impact of infection with Neisseria meningitidis upon some of these targets to try and identify downstream ramifications of inhibition of GAPDH migration. 
GAPDH has also been implicated as a nuclear nitosylase, capable of transferring its SNO group to a variety of nuclear proteins, including Sirtuin 1 (SIRT1), a deactylase. This has inhibitory ramifications for SIRT1 activity (Kornberg et al., 2010). Future work might aim to look specifically at the S‑nitrosylation status of these proteins and compare them to those from cells infected with N. meningitidis. 
As mentioned in chapter 1, the number of proteins known to be regulated by S‑nitrosylation is extremely large and is only growing as time goes on. Therefore, trying to search for targets that may or may not be perturbed by an infection with norB expressing meningococcal bacteria, as a result of NO detoxification, is like searching for the proverbial needle in a cellular haystack. With this in mind, a proteomics approach may yield a more efficient method. When using the SNO-RAC it is possible to freeze the beads prior to the extraction process and trypsinise the proteins from the beads to prepare them for Isobaric Tags for Relative and Absolute Quantitation (iTRAQ). This allows the study of quantitative changes to the entire proteome. The method utilises covalent labeling with tags of varying mass of the N-terminus and sidechain amines of peptides from protein digestions. These samples are then pooled and usually fractionated by nano liquid chromatography and analyzed by tandem mass spectrometry (MS/MS). The fragmentation data can then be used to identify the labelled peptides, and hence the corresponding proteins using a database search. The fragmentation of the attached tag generates a low molecular mass reporter ion that can be used to relatively quantify the peptides and the proteins from which they originated. This would allow any individual protein whose S‑nitrosylation level was altered in response to an infection to be identified. 
Work to achieve this has already commenced, and the peptides prepared from the pooled samples of three individual infections followed by SNO-RAC are waiting to be analysed. This will allow a potential subset of proteins to be identified, which can then be individually investigated to explore how their functional activities may be impaired using specific assays. 

[bookmark: _Toc367660613]7.2.2 In vivo model for bacterial mediated S-nitrosothiol depletion
A future exploration into whether infection with norB expressing Neisseria meningitidis leads to a reduction in detectable levels of S-nitrosothiols might be warranted, given that during the course of these experiments a bacterial iron source was not included. Neisseria meningitidis is found exclusively in humans and iron is essential for meningococcal growth. In the host, iron is sequestered in iron-binding proteins, such as transferrin and lactoferrin, thus free iron available in body fluids is extremely rare. Therefore bacteria, including N. meningitidis, express several iron-regulated proteins that allow the bacterium to acquire iron from transferrin and lactoferrin (Bullen, 1981, Schryvers and Morris, 1988a). N. meningitidis produces outer membrane receptors, called transferrin-binding proteins (TbpA and TbpB), that are highly specific for human transferrin (Schryvers and Morris, 1988b), meaning that in a mouse model simulating meningococcal infection, the bacteria are incapable of accessing transferrin. Importantly, the MC58 strain of Neisseria meningitidis possesses a Fur box upstream of the norB gene, allowing norB expression to be positively regulated by Fur and iron (Delany et al., 2004). The inability of the bacteria to utilise mouse iron sources may impact on expression of the norB gene in this model. Furture work might focus on repeating some of these experiments whilst supplementing the mice with exogenous human transferrin to try and ensure expression of the genes associated with NO detoxification. 
Future work also aims to investigate the impact of infection on the level of SNO-haemoglobin within the blood. SNO-haemoglobin has been directly implicated in contributing to hypoxic vasodilation, the relaxation of vascular smooth muscle in regions of low tissue PO2, enhancing oxygen delivery. NO is transported by red blood cells in the form of S-nitrosothiol, with NO bonded to the conserved cysteine at position 93, to microvascular sites of action. NO is then dispensed from SNO-haemoglobin to target microvascular cells upon the release of oxygen, physiologically coupling haemoglobin deoxygenation to vasodilation. This process has been extensively reviewed (Allen and Piantadosi, 2006). The disrupted delivery of NO bioactivity from RBCs to microvessels, as a result of unsuccessful S‑nitrosylation, has been implicated in the pathogenesis of several diseases in which vascular function is impaired; this includes sepsis (Crawford et al., 2004). The ability of bacteria to detoxify NO may have implications for the level of SNO-haemoglobin which might explain the dysfunctional blood flow associated with meningococcal sepsis. The plasma and red blood cells can be separated using centrifugation and treatment of cyanide used to displace NO. Separation can then be achieved using a G25 sephadex column, before analysis of SNO content using tri-iodide. 
Whilst repeating various experiments, it might also be pertinent to look at later time points following an infection, in case a difference in [SNO] becomes apparent. It might also be worth including various alternative NO detoxification mutants, including ΔaniA, ΔnsrR and the double mutant ΔnsrR/ΔaniA. Another point worth considering is the use of I3- as the reducing agent for ozone based chemiluminescence. Current opinion in the literature surrounding the use of I3- is contentious, considered by some to be the “gold-standard” for SNO measurement (Wang et al., 2006); whereas others have reported reduced recoveries resulting from the required pre-treatments (Hausladen et al., 2007). Although extensive calibration work in this laboratory has found this reagent to generate accurate and reproducible values when measuring known concentrations of both GSNO and CysNO, it might be valuable to analyse the samples in a variety of different reducing agents, including vanadium chloride (to measure NO derivatives) and copper cysteine. The use of copper cysteine as a reducing agent negates the need for sample pre-treatment, thus minimising the chances of sample contamination, resulting in false positives, and preventing the loss of more labile RSNO species (Rogers et al., 2012).       

[bookmark: _Toc367660614]7.3 Implications
The data presented in this thesis has identified several important implications for meningococcal infection. The first being that the ability of bacteria to express the NO detoxification enzyme, NorB, is associated with an NO dependent, much reduced survival of macrophage cells through what appears to be a necrotic pathway. Meningococcal disease is often associated with profound microvascular dysfunction, inflammation and tissue injury to an extent that is not seen in other examples of Gram negative sepsis. This mechanism of NO detoxification leading to massive cell death may go some way to explaining this. 
This thesis has also provided evidence for a previously uncharacterised mechanism of bacterial pathogenesis involving the prevention of GAPDH nuclear migration following an infection. Given that GAPDH is implicated in a diverse number of functional roles, this may have a large impact on the signalling of the cell and again might help to explain the cellular dysregulation associated with meningococcal sepsis.
Taken together these results reaffirm that the outcome of an infection is a balance between the infecting organism and the host factors produced to combat it. It also demonstrates that there are direct physiological consequences to host cells as a result of bacterial NO detoxification, a phenomenon that can be reversed by the addition of an NO donor. This throws up the possibility of localised NO donation as a therapeutic option. SNO-repleting agents have been shown to be effective at reducing inflammation in several experimental models. In a rodent model of focal cerebral ischemia, administration of GSNO decreased markers of inflammation and improved cerebral blood flow, preventing infarction. This was as a direct result of inhibition of NFκB and thus iNOS expression and expression of cell adhesion molecules (Khan et al., 2005). S-nitrosylation is also implicated in regulation of intestinal barrier function and inflammation, and treatment with GSNO seems to prevent intestinal inflammation and rescues colonic permeability in colon biopsies from patients suffering from Crohn’s disease (Foster et al., 2009b). Future work needs to be done to reconcile these ideas, and potentially provides a new target for therapies to relieve many of the debilitating symptoms associated with this too frequently deadly disease.   
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