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Abstract
The relentless increase in antimicrobial resistance, coupled with a lack of identification of new antibiotics, necessitates a better understanding of how novel antimicrobial agents act and might be used synergistically with established antibiotics. One promising class of new antimicrobials, with multiple modes of actions against both Gram-positive and -negative bacteria, includes carbon monoxide-releasing molecules (CORMs). CORMs were initially developed in response to the growing evidence that CO is not only a poisonous gas, but is also a gasotransmitter with many beneficial effects on the body. CORMs provide a way in which to deliver CO gas in a safe manner. Although effective antimicrobials, the mechanism of action of CORMs is not well understood and is confounded by the effects of the biologically foreign metal ruthenium used in the well-studied CORM-2 and CORM-3.
In this thesis, we used the manganese-containing PhotoCORM [Mn(CO)3(tpa-κ3N)]Br against Escherichia coli EC958, a multi-drug resistant uropathogen. Using light as an external trigger for CO release allowed us to comprehensively assess the effects of the PhotoCORM with CO still bound, as well as its derivative molecules upon illumination. We show that upon illumination, the PhotoCORM releases 2 CO ligands per compound that bind to terminal oxidases, thereby inhibiting respiration. However, the failure of CO gas to mimic the effects of the activated PhotoCORM, and the ability of CO-depleted PhotoCORM to cause toxicity, highlights the role of the metal in eliciting toxicity. We also show that the mechanism of toxicity is unrelated to inhibition of aerobic respiration as the PhotoCORM also inhibits anaerobic cultures. We demonstrate that the PhotoCORM works synergistically with exogenous H2O2, but our results do not support the involvement of ROS in the toxicity caused by PhotoCORMs.
We aimed to understand the mechanism(s) underlying synergy between [Mn(CO)3(tpa-κ3N)]Br and various classes of antibiotics in their activities towards E. coli EC958. We show that the title compound acts synergistically with polymyxins by damaging the bacterial cytoplasmic membrane. [Mn(CO)3(tpa-ĸ3N)]Br also potentiates the action of doxycycline, resulting in reduced expression of tetA, which encodes a tetracycline efflux pump. Like tetracyclines, the breakdown products of [Mn(CO)3(tpa-ĸ3N)]Br activation chelate iron and trigger an iron starvation response, which we propose to be a further basis for the synergies observed. Finally, in an effort to gain deeper understanding of CORM-3 toxicity, we utilized the Olis CLARiTY dual-wavelength spectrophotometer to show for the first time that CO released from CORM-3 binds to terminal oxidases of growing bacterial cultures, in real time and under physiological conditions.
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1.0 [bookmark: _Toc356530706]Introduction

[bookmark: _Toc356530707]1.1 Introduction to Carbon monoxide (CO)
CO is a colourless, odourless and tasteless gas, often referred to as the ‘silent killer’, and is an atmospheric pollutant. Photosynthesis and combustion such as volcanoes and forest fires are natural sources of CO, whereas partial oxidation of carbon during energy generation from fossil fuels and engines are a major source of anthropogenic CO.  It has a well-founded reputation as a poisonous gas due to its ability to bind to haemoglobin (Hb) in the blood up to 250 times stronger than oxygen, leading to CO poisoning and death (Haldane & Smith, 1896; Keilin, 1966). Indeed accidental CO inhalation caused by using gas appliances with inadequate ventilation results in 170 deaths annually in the USA (U.S Consumer Product Safety Commission).
CO has a molecular weight of 28 and is a relatively inert gas due to the presence of a triple bond and the absence of lone pairs of electrons.  It can however coordinate with transition metals that have low oxidation states. Although the formation of the M-C---O triple bond renders such complexes stable, there is a build-up of negative charge on the oxygen arising from the π-back bonding from the metal. Electron acceptors can therefore form interactions with such CO-coordinated metal species, therefore making it more reactive than in the diatomic from (Chan et al., 1985). It is well known that CO binds to iron (Fe) in its ferrous (Fe II) form, present in haems and cytochromes. CO has also been found bound to hydrogenases [Fe]- and [FeNi] sites (Armstrong, 2004) and studies suggest the mechanism of acetyl-CoA synthase involves CO coordination to nickel (Evans, 2005).
[bookmark: _Toc356530708]1.1.1 Gasotransmitters
CO, along with nitric oxide (NO) and hydrogen sulfide (H2S) form a family of signaling mediators that are collectively known as gasotransmitters (Tinajero-Trejo et al., 2013). Gasotransmitters share some important properties:
 a) They have low molecular weights CO (28), NO (30) and H2S (34); b) their small size and no charge enables them to easily permeate membranes; c) they are biologically poisonous and are classical inhibitors of respiration due to their interactions with terminal oxidases (Wikstrom et al., 1981); and d) they are produced endogenously through finely regulated mechanisms and have important roles in cell signaling, with distinct physiological effects (Cooper & Brown, 2008; Li & Moore, 2007). Table 1.1 provides a summary of the properties of gasotransmitters.
The field of NO is over three decades old and its role in cardiovascular diseases, sexual dysfunction and male infertility has been well reported (Papapetropoulos et al., 2015; Pechanova et al., 2015; Yetik-Anacak et al., 2015). It has also been shown to decrease the risk of brain injury in premature babies with respiratory failure (Kinsella et al., 2006). The growing field of H2S research has shown its role in ischaemic diseases, blood pressure regulation hypertension, and inflammation (Bos et al., 2015; Brancaleone et al., 2015; Palinkas et al., 2015; Snijder et al., 2015). CO is more stable than NO or H2S, but its strong affinity to metal centres guide us to potential targets, for example haem-iron rich proteins in mitochondria and the review by Quieroga et al. 2015 discusses the role of CO in diseases of central nervous system in this context (Queiroga et al., 2015). CO has also been shown to have anti-inflammatory and tissue protective properties, for example in gastrointestinal inflammation (Babu et al., 2015; Boczkowski et al., 2006). It has also been shown to act as a protective agent following organ transplantation (Akamatsu et al., 2004) and in the cardiovascular system (Furchgott & Jothianandan, 1991). In the body, NO, CO and H2S act in concert, thus operating as a ‘gaseous triumvirate’ (Li et al., 2009). The interaction of these three gases can be observed in various pathologies including hypertension and ischaemic heart disease (Andreadou et al., 2015; Wesseling et al., 2015). Fig. 1.1 shows the beneficial effects of gasotransmitters on the body.
[bookmark: _Toc356530709]1.1.2 The toxicity profile of CO 
In mammalian systems, exposure to high concentrations of CO for prolonged periods of time has toxic effects due to tissue hypoxia and through CO binding to intracellular targets in the respiratory electron transfer chain (Goldbaum et al., 1975; Stewart, 1974). Hypoxia occurs when CO preferentially binds to haemoglobin thus preventing the transport of O2 throughout the body (Goldbaum et al., 1975; Stewart, 1974). The affinity of haemoglobin for CO is up to 250-fold higher than that of O2, and the toxic effects of CO are dependent on the relative CO and O2 tensions (Rodkey et al., 1974; Wu & Wang, 2005). According to the Centre for Disease Control and Prevention (CDC), an elevated COhb level of 2% for non-smokers and >9% for smokers strongly suggests CO poisoning. The most common symptoms of CO poisoning are headaches, nausea, and vomiting, all typically beginning when levels COHb in blood reach 20 – 30 %. Increased levels of CoHb lead to the occurrence of serious symptoms such as convulsions, collapse, coma and death (COHb levels 40 - 80%) (Roughton & Darling, 1944). 
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Fig. 1.1: Summary of the beneficial effects of gasotransmitters in the body. NO, CO and H2S play key roles in many signalling pathways, some of which are in common with each other. CO and NO regulate smooth muscle relaxation via the sGC/ cGMP pathway. CO and H2S maintains balance between their pro- and antioxidant properties through Nrf2. Regulation of cell proliferation and muscle relaxation by H2S and NO is achieved by interactions with the MAPK signalling pathway and ATP-sensitive potassium channels. Figure adapted from Moody and Calvert, 2011 (Moody & Calvert, 2011).



Approximately 80-90% of the absorbed CO binds to haemoglobin and the remainder binds to other haem proteins for example cytochrome P-450, cytochrome c oxidase, hydroperoxidases and myoglobin (reviewed by (Davidge et al., 2009a). It should be noted that COHb levels do not always correlate well with CO induced toxicity and there have been studies that challenge the notion that CO toxicity is mainly due to hypoxia. Goldbaum et al., for example, observed that while in some cases deaths have been reported at 30% COHb levels, in other individuals 40 % COHb levels have resulted in no symptoms of CO poisoning (Goldbaum et al., 1975). Also, symptoms of CO poisoning have been reported to still persist despite COHb levels returning to normal (Coburn, 1979). This discrepancy suggested that instead of CO binding to Hb, it is the free CO binding to other targets such as respiratory cytochromes that contribute to toxicity (Chance et al., 1970). Indeed, a study by Goldbaum et al.showed that when dogs inhaled 13% CO, death occurred within 15 min - 1 h, with COHb levels reported to be between 54-90%. However, when dogs were bled to anaemia, and then transfused with donor blood containing upto 80% of its Hb bound to CO, the dogs were able to survive with COHb levels of 60% (Goldbaum et al., 1975). 
Further evidence for COHb levels being insufficient for CO-induced toxicity was presented by Alonso et al.who showed that both tissue hypoxia and cellular damage play a part (Alonso et al., 2003). Here, mitochondria from muscle tissue exposed to CO showed reduction in the activity of cytochrome c oxidase, and progressive exposure to CO led to a decrease in respiratory chain function. They proposed that the deterioration in energy production by mitochondria leads to cell and tissue dysfunction, and may cause increased production of reactive oxygen species (ROS) resulting in injury. Coburn et al.suggested that CO binding to myoglobin (Mb) in the heart and skeletal muscle is a major cause of toxicity, even at low CoHb levels (< 5%) (Coburn, 1979).  This is supported by another study, which showed that exposure to chronic CO levels causes cardiac hypertrophy and arteriosclerotic heart disease (Wang, 2004). CO can also cause toxicity by interacting with haem proteins cytochrome P450 and catalase, in addition to cytochrome c oxidase, myoglobin and haemoglobin (Piantadosi, 2002). 
[bookmark: _Toc356530710]1.1.3 CO as an inhibitor of respiration and comparison with other inhibitors
CO is a potent inhibitor of cellular respiration, inhibiting the activity of mitochondrial cytochrome oxidase (Cooper & Brown, 2008). Cytochrome c oxidase catalyses the reduction of O2 to H2O in the final step of aerobic respiration in mammals. The enzyme contains haem, which in its ferrous form is susceptible to inhibition by CO (Cotton et al., 1988).  Haem consists of a central iron ion surrounded by a porphyrin ring. Various types of haem exist, with differing functional groups attached to the porphyrin ring. The redox state of the iron dictates which molecule, for example CO, O2, NO, H2S, HCN can bind. Generally, low spin haems are involved in electron transfers whereas high spin haems bind ligands (Collman et al., 1980). Fig. 1.2 shows the binding sites of NO and CO in the eukaryotic cytochrome c oxidase.
CO has had an instrumental role in elucidating the cellular components of respiration (reviewed by (Keilin, 1966). Warburg’s study on the inhibition of respiration by CO in yeast showed that the CO/O2 ratio was critical in determining the degree of respiration inhibition. It was shown that different pressures of CO gave the same extent of inhibition if the CO/O2 ratio remained constant, thereby confirming that CO and O2 compete for the same respiratory component. Moreover, it was found that, in contrast to haemoglobin, the respiratory oxidase has a greater affinity for O2 than for CO (reviewed by (Keilin, 1966). Further investigation of the work by Haldane and Smith, that the inhibition of respiration by CO was light sensitive, a property also in common with haemoglobin, pointed towards a relationship between the two proteins. Both haemoglobin and respiratory oxidases contain haem moieties that have the ability to bind CO. Warburg then proceeded to obtain the photochemical action spectrum for respiration, which involved studies on the effect of light on respiration in yeast. Here, the absorbance maxima at certain wavelengths correspond to CO adducts of oxidases involved in respiration. At these wavelengths, light is absorbed maximally resulting in photolysis of the haem-CO bond and reversal of CO-related inhibition of oxidases. The realisation of photosensitive inhibition of respiration was exploited in other studies. For example, Chance et al.recorded photochemical action spectra of both eukaryotes and prokaryotes, and demonstrated the photodissociation of the cytochrome a3- CO adduct, confirming its identity as mitochondrial oxidase (Chance et al., 1953). Later, Castor and Chance made use of the action spectra and the photorelief of respiration inhibition by CO to identify the terminal oxidases of bacteria (Castor & Chance, 1959). Spectroscopic studies on various microorganisms established the relationship between cytochromes and aerobic respiration (Keilin, 1966). Cytochromes were found to be present in aerobic microorganisms such as Bacillus subtilis and yeast, but found to be absent in the obligate anaerobe Clostridium sporogenes. An abundance of spectra can now be found identifying oxidases in various microorganisms, for example Acanthamoeba castellanii (Lloyd et al., 1981), and Crithidia fasciculata (Edwards & Lloyd, 1973; Scott et al., 1983). 
CO is not the sole inhibitor of respiration. The gasotransmitters NO and H2S also inhibit respiration, as does the poison hydrogen cyanide (HCN). A comparison of inhibition of oxidases by these inhibitors forms the body of the review published in 2008 (Cooper & Brown, 2008). The mechanisms by which they inhibit mitochondrial cytochrome oxidase differ, most notably inhibition by NO and CO is dependent on oxygen concentration, whereas inhibition by
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Fig. 1.2: The sites of interaction of the inhibitors NO and CO in the mitochondrial cytochrome c oxidase. Orange arrows show the flow of electrons and the red arrows show the movement of H+. The interactions of NO (blue arrow) and CO (green arrow) take place between CuA and a3-CuB. NO forms a Cu+B-a3-NO complex and CO binds to haem a3. Figure adapted from Boczkowski et al., 2006.


H2S and HCN is not. Below is a short summary of the differences in the mechanisms of action of these inhibitors.
Cyanide, like CO, inhibits respiration by binding to cytochrome c oxidase, but unlike CO, which requires the Fe-containing haem to be in its ferrous form, cyanide can bind both oxidised and reduced forms of the haem a3-CuB binuclear center (Brunori & Antonini, 1971). In fact, cyanide binds tightly to the fully oxidized state (Fea33+-CuB2+) whereas its binding to the fully reduced binuclear (Fea3 2+- CuB+) center is weaker. The partially reduced state (Fea33+-CuB+) shows the strongest binding to cyanide (Brunori & Antonini, 1971; Jones et al., 1984).
NO binds the cytochrome c oxidase binuclear centre but its interaction is more complex than that of CO. It is able to inhibit the oxidase both competitively and non-competitively, binding to both the reduced and oxidized forms of the enzyme (Cooper & Brown, 2008). NO binds to the reduced haem a3 (Fe2+), where the inhibition increases with decreasing O2 tensions; therefore inhibition is competitive with O2 (Mason et al., 2006; Stubauer et al., 1998). NO can also bind to oxidise CuB in a non-competitive manner and it is here that it is metabolised to nitrite. H2S binds to cytochrome c oxidase, inhibiting it in a non-competitive manner at the reduced CuB, and the oxidized haem a3 sites (Hill et al., 1984). Like NO, it can be oxidised by the enzyme (Petersen, 1977).
[bookmark: _Toc356530711]1.2 CO in mammalian systems
[bookmark: _Toc356530712]1.2.1 Endogenous production of CO by haem oxygenase (HO)
It may come as a surprise that a poisonous gas like CO is produced endogenously in the body and is recognised as an important signalling molecule (reviewed by (Davidge et al., 2009a). Initial studies showed production of CO in the body via the breakdown of haemoglobin (Sjöstrand, 1949). Further studies showed the amount of CO detected in the body increased over time as a person breathes into a closed system (Coburn et al., 1963).  They also showed that CO levels in the body increased when erythrocytes were broken down, and during conditions of haemolysis whereby the increased breakdown of haem augmented the rate of CO production in the body (Coburn et al., 1964; Coburn et al., 1966). 
Finally in 1968, Tenhunen and Schmidt identified the enzyme required for the breakdown of haem, called haem oxygenase (HO), which led to the production of intracellular CO (Tenhunen et al., 1968). Two main isoforms of HOs were discovered, HO-1, which is inducible, and HO2 which is constitutively expressed (Maines & Kappas, 1974; Maines et al., 1986; Trakshel et al., 1986; Yoshida et al., 1974). Moreover, a third isoform, HO-3 was found and showed 90% amino acid sequence homology to HO-1 (Mccoubrey et al., 1997). They found that HO-3 was a less powerful enzyme, poor at haem catabolism but the presence of two regulatory motifs which can bind haem has led to suggestions that it could be involved in haem sensing (Mccoubrey et al., 1997). 
1.2.1.1 The breakdown of haem
The breakdown of haem by haem oxygenase requires molecular oxygen and nicotinamide adenine dinucleotide phosphate (NADPH) for its activity (Fig. 1.3). The porphyrin IX  present in haem is cleaved and oxidized at the α-methene bridge (Maines et al., 1986). Interaction with cytochrome-NADPH P450 reductase is required for the transfer of electrons to the haem-HO complex and NADPH  reduces FeIII to Fe11 and also activates molecular oxygen necessary for the breakdown of haem (Maines, 1988). 
This results in the first order degradation products CO, FeII and biliverdin (Tenhunen et al., 1969) (Fig. 1.3). The linear tetrapyrrole biliverdin (green pigment) is subsequently converted to bilirubin (yellow pigment) and the iron is rapidly sequestered into ferritin (Fig. 1.3). The amount of CO produced in the body by haem oxygenases is approximately 16 μmol/h per individual (Coburn, 1970). Degradation of haem in mammals is not only important to avoid cytotoxicity related to oxidative stress caused by the presence of excess haem, but also due to the beneficial effects of the breakdown products. Both biliverdin and bilirubin scavenge peroxide radicals and inhibit lipid peroxidation, therefore playing the role of antioxidants (Tenhunen et al., 1968). Endogenously produced CO also has anti-inflammatory properties, as well as playing many other key roles in the body (discussed later).
1.2.1.2 Haem localization
The molecular action of CO is thought to be a local occurrence as CO has restricted bioavailabity and is dependent on haem oxygenases for its production. The different isoforms of HO are localized in different parts of the body and serve distinct roles. The main source of CO is through the inducible HO-1, the action of which is triggered in multiple ways, including oxidative stress, hypoxia, lipopolysaccharide, heavy metals and haem. It is found mainly in the liver and the spleen (Maines, 1988) and has also been found in the brains of rats (Scapagnini et al., 2002). HO-2 is constitutively expressed across many tissues but is most abundant in the brain and testes and is involved in haem capturing and metabolism (Ewing & Maines, 1992). The third isoform, HO-3 has weak haem-degrading capacity (Wagener et al., 2003).
HO-1 has an important role in protection from injury caused by haem-mediated oxidative stress (reviewed by (Chiabrando et al., 2015). Overexpression of HO-1 has been shown to relieve inflammation via the production of CO, bilirubin and Fe(II) (Kapturczak et al., 2004; Wagener et al., 2001; Wagener et al., 2003). 
[image: ] Fig. 1.3: The haem degradation pathway and the biological effects of the degradation products. The figure was constructed using information from Wu & Wang, 2005; Motterlini & Otterbein, 2010.


As mentioned earlier, bilirubin acts as an antioxidant and combats haem-induced oxidative stress, cell activation and cell death (Dore et al., 1999; Kawamura et al., 2005; Soares et al., 2004). One of the many beneficial effects of CO is its anti-inflammatory properties (Beckman et al., 2009; Ndisang et al., 2003). Ferritin acts as a sink trap for toxic free iron and reduces ROS produced by Fenton reactions (reviewed by (Chiabrando et al., 2015). Induction of HO-1 has been shown to protect against apoptosis caused by excess haem and tumour necrosis factor (Gozzelino & Soares, 2011). The fact that production of HO-1 is induced by various stress stimuli lends itself to its cytoprotective effects. This also means that its induction comprises complex pathways and can include those involving cAMP, the phosphoinositol pathway, protein kinase C and Ca2+ calmodulin-dependent protein kinase (Durante et al., 1997; Terry et al., 1999). Control of HO-1 transcription is tightly regulated and differences in expression exist between different tissues and species.  On the other hand, the only functional response element present in the promoter region of HO-2 has been found to be the glucocorticoid response element (GRE) (Raju et al., 1997). HO-2 is principally found in the brain and testes and in the neuronal system, CO acts as a signaling molecule, regulating neurotransmitters and the release of neuropeptide (Maines & Panahian, 2001). HO-2 has a role in sensing O2 and responding to hypoxia in mammalian cells (Maines, 1997). It also helps maintain homeostatic haem levels and combats NO-derived radicals (Maines & Panahian, 2001).  
While extensive studies have been carried out on HO-1 and HO-2, very little is known about HO-3. Its expression has only been discovered in the brain, liver, spleen and kidneys of rats (Mccoubrey et al., 1997). However, further studies have been unable to isolate the HO-3 gene and no HO-3 protein was detected in tissues analysed by Western blots (Hayashi et al., 2004). Hayashi et al.concluded that there is no functional HO-3 gene in rats and that it is more likely to be pseudogenes derived from HO-2.
Aside from haem oxygenases, which are responsible for producing most of the endogenous CO in the body, breakage of methylene bridges in haem by hydrogen peroxide, ascorbic acid or the inactivation of cytochrome P450 also produce some CO through the breakdown of haem (Bonnett & McDonagh, 1973; Karuzina et al., 1999). 
[bookmark: _Toc356530713]1.2.2 Biological significance of HO-derived and exogenously applied CO 
CO has pleiotropic effects in the body and has been described as being ‘homeodynamic’ (Wegiel et al., 2013). This means that regulation of cell function by CO happens continuously, in response to the environment and orchestrating host response in accordance with the needs of the host. Whilst CO has been shown to have anti-inflammatory, anti-apoptotic and anti-proliferative effects in certain conditions, it can have the opposite effects under other conditions in the same host (Boczkowski et al., 2006; Furchgott & Jothianandan, 1991; Verma et al., 1993; Wegiel et al., 2013). 
1.2.2.1 CO and NO signaling
CO exerts a variety of diverse effects on different tissues, and these can occur through modulation of multiple pathways (Peers & Steele, 2012). CO binds to the haem group of soluble guanylyl cyclase (sGC) and stimulates production of cyclic guanosine monophosphate (cGMP) (Jasnos et al., 2013). Studies have shown that HO-1-derived CO upregulates the production of cGMP in vascular smooth muscle cells and elevated cGMP levels caused by CO is responsible for its vasoactive properties (Furchgott & Jothianandan, 1991; Morita et al., 1995; Morita et al., 1997; Ramos et al., 1989).  NO is also a major regulator of sGC but at a much greater level than CO. Unlike NO, CO is not broken down in the body and therefore exists longer (Bełtowski et al., 2004). This is one of the ways CO can mimic and interfere with NO signaling.  In certain conditions, CO can also bind and activate nitric oxide synthase (NOS), stimulating the production of NO (Lim et al., 2005). The modulation of NO production by CO in turn regulates vascular tone but it is important to realize that this is dependent on various factors such as the abundance of NOS and HO enzymes in the body and the activation status of the cell (Kajimura et al., 2010) and reviewed by (Wegiel et al., 2013). This communicative relationship between NO and CO is important in tissue regeneration and repair; vascular proliferative diseases as well as in hepatic, cerebral, renal and pulmonary circulation (reviewed by (Wegiel et al., 2013). For example, CO induces NOS activity in the liver, which in turn activates HO-1. CO is then produced and has a role in protecting hepatocytes (Zuckerbraun et al., 2003). A similar trend is seen in rodent models of vascular injury where induction of NO by CO enhances post-trauma repair, and restoration of normal vessel size (Zuckerbraun et al., 2006). The NOS and HO pathways differentially contribute to the modulation of vascular activities during pathophysiological conditions. Under normal physiological conditions, NO is central in controlling vessel tone but HO-1-derived CO comes into play under conditions of increased oxidative stress which is often the case in cardiovascular and inflammatory diseases (reviewed by (Motterlini & Otterbein, 2010)). This is explained by the fact that unlike NO, which is highly reactive and susceptible to inactivation by ROS, CO is stable and not easily consumed (Desmard et al., 2007; Motterlini et al., 2003). Therefore, in pathological conditions where elevated ROS is seen, cells compensate for reduced NO levels by increasing production of CO, thus resulting in vasodilation and lowering arterial blood pressure (reviewed by (Motterlini & Otterbein, 2010). 
Vasodilation caused by CO is not limited to elevated cGMP levels but also due to the activation of calcium-dependent potassium (Kca) channels (Jaggar et al., 2002; Kaide et al., 2001; Koehler & Traystman, 2002). 
1.2.2.2 Organ transplantations
There have been many studies reporting the beneficial effects of CO on organ transplantation whether it be treating the donor, the recipient or the organ itself (Akamatsu et al., 2004). Indeed, CO gas-saturated preservation solution was able to reduce intestinal ischaemia-repurfusion injury after transplantation (Nakao et al., 2003; Nakao et al., 2006b). Grafts preserved with CO had improved outcomes of renal ischaemia-repurfusion injury following kidney transplantation through reduction of ROS-mediated injury, increased anti-inflammatory properties due to downregulation of pro-inflammatory cytokines and improvement in the survival rate of the recipient (Nakao et al., 2003; Nakao et al., 2006a).  HO-1 and CO have also been shown to play a positive role in xeno-transplantation models (Sato et al., 2001). In mouse-to-rat heart transplant models, HO-1-derived CO suppressed graft rejection via various processes, one of them being reduction of platelet aggregation (Sato et al., 2001). All in all, these studies show that there is potential for CO to be used alongside other therapies to prolong storage of organs to be transplanted and to decrease chances of organ rejection.
1.2.2.3 Anti-inflammatory effects: focus on infections
One of the first indications that CO had anti-inflammatory effects was a study by Otterbein et al.who conducted in vitro studies on murine macrophages and in vivo studies in rodents with the finding that CO gas treatment reduced the inflammatory response against lipopolysaccharide (LPS) (Otterbein et al., 2000). The authors showed that CO gas inhibited the expression of pro-inflammatory cytokines such as TNF-α and IL-1β and increased the expression of mediators such as IL-10 thus promoting an anti-inflammatory effect in response to LPS. The activation of the mitogen-activated protein kinases (MAPK) by CO was important for this effect. Since then, CO has also been shown to reduce inflammation in other diseases such as asthma (Chapman et al., 2001), chronic inflammatory bowel disease (Hegazi et al., 2005), rheumatoid and osteoarthritis (Guillen et al., 2008; Megías et al., 2008). In this section, we will focus on the role of CO in infections and sepsis, as this topic is more relevant for this thesis. Studies have shown that HO-1-deficient mice showed increased levels of infections following exposure to bacteria and endotoxins (Chora et al., 2007; Larsen et al., 2010; Tzima et al., 2009). HO-1 induction by administration of haem rescued mice from endotoxic shock (Kaliman et al., 2003; Otterbein et al., 1995) a feature that was mimicked when low concentrations of CO were used instead (Otterbein et al., 2000; Otterbein et al., 2003).
Chung et al.showed that CO derived from HO-1 led to enhanced immune response to polymicrobial sepsis and increased bacterial clearance by increasing phagocytosis in mice (Chung et al., 2008). A review by Wegiel et al.suggested that the modulation of the innate immune response by CO may depend on whether CO is administered prior to or following infection by live bacteria or endotoxins (Fig. 1.4). Pretreatment of CO prior to infection, results in the induction of signaling pathways and molecules, which help to form a protective barrier and prevent an inflammatory response. On the other hand, treatment with CO post-inoculation results in enhanced inflammatory response and increased bacterial clearance (Otterbein et al., 2005; Wegiel et al., 2013). 
The role of CO in preventing an inflammatory response is beneficial in conditions such as acute endotoxic shock, sterile inflammation or T cell activation where uncontrolled inflammation can have deadly outcomes. However, the dampening of essential proinflammatory pathways could indeed be disadvantageous to clearing bacteria in an ongoing infection (Chung et al., 2008; Otterbein et al., 2005). For example, enterohemorrhagic E. coli (EHEC) stimulate the production of HO-1 in the host cells, which modulates the activity of the innate immune system (Vareille et al., 2008). Inhibition of the inducible nitric oxide synthase (iNOS) by HO-1 means that the pathogen essentially suppresses NO generation in the host and therefore dampens host antimicrobial activity (Vareille et al., 2008). Similarly, regarding the pathogenesis of Mycobacterium turberculosis in infection models, the ability to sense high levels of CO via the upregulation of HO-1 in the host aids bacterial survival by altering bacterial metabolism and switching to a state of dormancy (Shiloh et al., 2008).
In contrast, several studies show enhancement of inflammatory response caused by HO-1/ CO that aids bacterial clearance. Otterbein and colleagues demonstrated that CO gas augments phagocytosis of bacteria and similarly Chung et al.found that CO derived from HO-1 increased host defense responses, increasing phagocytosis and rescuing mice from polymicrobial sepsis (Chung et al., 2008; Otterbein et al., 2005). Two studies from the same group emerged showing that enteric microbiota extracted from pathogen-free mice led to the induction of HO-1 production in wild-type mice but not in interleukin (Il) 10-/- mice more susceptible to colitis (Onyiah et al., 2013). The use of Co(III) protoporphyrin IX chloride which acts as a HO-1 inducer protected Il 10-/- from enteric microbiota induced colitis. HO-1-derived CO also led to a decrease in the numbers of live bacteria in various organs, thus showing that HO-1 and CO can lead to increased bacterial clearance, in part due to the enhancement of the immune response, leading to increased bactericidal activities in macrophages (Onyiah et al., 2013; Onyiah et al., 2014).  A recent study has shown that CO-dependent inflammasome activation allows macrophages to sense and kill bacteria (Wegiel et al., 2014). They propose that, during infections, HO-1-derived CO in the macrophage promotes ATP production and 
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Fig. 1.4: The homeodynamic effects of CO in cells of the innate immune system. The immunomodulatory effects of CO differ according to the time of CO administration pre- or post- addition of stresses. In (A) pre-treatment of cells with CO leads to induction of signalling pathways that help form a protective barrier to the stress and helps prevent an inflammatory response. The addition of CO after exposure to stress (B) amplies the inflammatory response in a controlled manner to restore homeostasis and enhance cell survival. ROS, reactive oxygen species; HIF1α, hypoxia inducible factor 1α; PPAR-γ, peroxisome proliferator-activated receptor-γ; MAPK, mitogenactivated protein kinase; NOS, nitric oxide synthase. Figure adapted from Wegiel et al., 2013.


release by bacteria. This ATP then acts as a pathogen-associated molecular pattern (PAMP), activates the NALP3 inflammasome and enhances the clearance of bacteria by increased phagocytosis (Wegiel et al., 2014).  The exact mechanism of ATP release out of the bacteria is poorly understood, as Gram-negative bacteria are not known to possess mechanisms of ATP secretion or have periplasmic ATP.
1.2.2.4 Inhalation therapy
 The sections above highlight the many beneficial effects of CO and its many potential applications in the clinic. An example of the delivery of CO for such therapeutic purposes is through inhalation of the gas. Although inhalation of CO for alleviating disease sounds alarming due to its potential toxicity, one of the other gasotransmitters, NO, is already being used to treat pulmonary hypertension in premature babies via inhalation (Bloch et al., 2007). There is an ongoing investigation on whether H2S inhalation can be approved to treat cardiovascular disease (Salloum, 2015).  Indeed, several clinical trials have been carried out investigating CO gas inhalation therapy itself. The first clinical trial was in 2007 and looked at whether inhaled CO gas could be used for treating kidney transplant recipients intraoperatively during transplant surgery (Hanto et al., 2010). Another study explored the use of CO to reduce organ rejection of donor kidneys in transplant patients (reviewed by (Mann, 2010). These studies used a novel CO delivery device, which took into account body weight and respiration rates when administering CO with extremely precise amounts of CO delivered in each breath (Motterlini & Otterbein, 2010). 
Some of the advantages of CO inhalation therapy are the stability of the CO gas itself, the reversibility of CO binding to its targets, and the lack of unwanted CO breakdown products in mammalian systems (Motterlini & Otterbein, 2010). Complications start to arise when high levels of CO bind to Hb as symptoms of CO poisoning appear at approximately 20 % COHb levels, with death occurring at 50-80% COHb levels (Ryter et al., 2006). Despite these reservations, CO inhalation therapy has shown promise. In a clinical trial, administering CO gas at 3 mg/kg/h in healthy humans for 1 h, or for a course of 10 days, resulted in no serious side effects and COHb levels rose to around 12 % (Foresti et al., 2008). Phase I and II trials have been performed using typical concentrations of CO at 250 ppm for kidney transplantation, lung inflammation and myocardial infarction (Mann, 2010). 
[bookmark: _Toc356530714]1.3 CO in microorganisms
[bookmark: _Toc356530715]1.3.1 Microbial HO and implications for pathogenesis
Iron acquisition is essential for the survival of pathogens within the host (McHugh et al., 2003).  The haems present in haemoglobin and other haem-containing proteins in the host are the richest sources of iron, and bacteria have developed various mechanisms to acquire, internalise and breakdown haem to gain access to iron (reviewed by (Cornelis & Andrews, 2010).  Their ability to utilise haem as an iron source plays a key part in their virulence and pathogenesis. As with eukaryotes, haem oxygenases (HOs) have been discovered in several bacterial species. 
The first bacterial HO to be discovered was HmuO from Corynebacterium diptheriae due to its homology to human HO-1 (Schmitt, 1997). Bacterial HOs similar to their eukaryotic counterparts are labeled canonical HOs and many bacterial species possess them. For example, Campylobacter jejuni contains HO Cj1613c and shares similarity with the HO in Helicobacter pylori called HugZ (Guo et al., 2008; Ridley et al., 2006). The Neisseria species contain HemO and Pseudomonas aeruginosa has two HOs; one of them is PigA with 37 % similarity with HemO and the other is BhpO which, as well as acting as a normal HO, could also be implicated in the production of phytochromes (Ratliff et al., 2001; Wegele et al., 2004). Canonical HOs catalyse the breakdown of haem to biliverdin, iron and CO.  Non-canonical HOs are structurally and mechanistically different from canonical HOs and can be found in many species including Staphylococcus aureus, Bacillus anthracis and Listeria monocytogenes (Skaar et al., 2004; Skaar et al., 2006; Wu & Wang, 2005). Staphylococcus aureus uses haem as an iron source during infections so the two non-canonical HO genes identified, isdG and isdI, had an obvious function.  Both have a putative Fur box upstream of the gene cluster, signifying regulation by iron and the proteins bind haem in a 1:1 ratio (Skaar et al., 2004). IsdG from B. anthracis was shown to produce free iron from hemin and was shown to play a part in the defense against haem-mediated toxicity that occurs due to excess accumulation of hemin during anthrax infections (Skaar et al., 2006). In addition, a HO from Mycobacterium tuberculosis MhuD (Mycobacterium haem utilisation) has been recently identified. MhuD is a haem-degrading protein involved in extracting iron from host-derived haem. Its breakdown products from haem are different from both canonical HOs, which covert the prophyrin ring to α-biliverdin and CO (Wilks & Heinzl, 2014), and IsaGI-like non-canonical HOs, which convert the porphyrin ring to a mixture of β- and δ-isomers of staphylobilin and formaldehyde (Matsui et al., 2013; Reniere et al., 2010). MhuD cleaves haem to form mycoblin, aldehyde and no CO is generated (Nambu et al., 2013). 
Several studies address the biological significance of HO-1 and its implications in the pathogenesis of bacteria. For example, the lack of production of CO by MhuD in M. tuberculosis is important as host-derived CO acts as a signal for the bacteria to switch to a state of dormancy and is not conducive to spread of infection (Nambu et al., 2013).  The HO in Candida albicans (Hmx1), together with CO plays a role in its pathogenesis, with mutations of the gene causing decreased virulence in mouse candidiasis and exposure to CO having the opposite effect (Navarathna & Roberts, 2010).  The prevalence of HOs in pathogenic microorganisms is much higher than in commensal species and an example of this generalisation is that the commensal E. coli K12 strain lacks any HO but the enterohemorregic strain 0157:H7 contains a gene cluster called chu where chuS encodes HO. Interestingly, the chu gene clusters also exist in uropathogenic strains of E. coli (UPECs) including the UPEC strains CFT073, and strain EC958 from the ST131 family (Totsika et al., 2011; Yep et al., 2014).  HO has also been implicated in the establishment of bacteria in anaerobic environments (reviewed by (Davidge et al., 2009a). Pathogenic species of Clostridium which colonise wounds, and where anaeerobiosis is advantageous, contain a HO called HemT but this is absent in non-pathogenic strains (Brüggemann et al., 2004). Thus, HOs are implicated in the pathogenesis of many microorganisms
[bookmark: _Toc356530716]1.3.2 CO metabolism in bacteria
Despite CO being a potent respiratory inhibitor, there are widespread examples of both aerobic and anaerobic bacteria able to use CO as their sole carbon source and energy (Ragsdale, 2004).  Such bacteria typically possess an enzyme called CO dehydrogenase (CODH), which uses H2O as an oxidant to catalyse the oxidation of CO to CO2, as shown in the equation below. The CO2 is then assimilated via the Calvin cycle for use as a carbon source (Kim & Hegeman, 1983; Meyer & Schlegel, 1983). The active site of CODH contains iron and either molybdenum in aerobic bacteria, or nickel in anaerobic bacteria (reviewed by (Ragsdale & Kumar, 1996). 
2e- + 2H+ + CO2  CO + H2O (1)
The CODHs are classified into three different groups: 1) mycobacterial CODHs; 2) Gram negative CODHs; and 3) Gram positive CODHs. All classes are comprised of three distinct subunits in a quaternary structure (α2β2γ2) (Kim & Park, 2012; King & Weber, 2007; Park et al., 2007). Aerobic bacteria such as Pseudomonas aeruginosa and Oligotropha carboxidovorans rely on CO-insensitive respiratory chains to utilize CO (Jacobitz & Meyer, 1989). Anaerobic bacteria metabolise CO using sulfate reducers, hydrogenogens and acetogens (Oelgeschläger & Rother, 2008). Such bacteria use sulfate reducers to convert CO to CO2, not only to dampen any toxic effects but also to produce reducing power (Sipma et al., 2006). In the absence of light and oxygen, the facultative anaerobe Rhodospirillum rubrum uses CO as a terminal electron acceptor (Kerby et al., 1995). The CODH in the bacteria called CooS is able to deprotonate H2O, forming a hydroxide radical that can then attack CO (Ragsdale & Kumar, 1996). The CO hydrogenase, CooH, which is CO-insensitive, allows the transfer of electrons generated to the H+ ion, forming H2 (Bonam et al., 1989). This allows for translocation of protons across the membrane, resulting in the generation of ATP (Fox et al., 1996; Maness et al., 2005).  Bacteria such as R. rubrum and O. carboxidovorans remove vast amounts of CO (around 3.3 X 108 tonnes) from the Earth’s atmosphere, thus maintaining non-toxic levels of CO in the air (Bartholomew & Alexander, 1979; Conrad, 1996).
[bookmark: _Toc356530717]1.3.3 Microbial CO sensing mechanisms
It is unsurprising that organisms that can grow on CO have haem-containing CO sensors. Since CO binds to essentially all haem-containing proteins, all such proteins are potential CO sensors. The most well studied CO sensor is CooA, which is responsible for regulating CO oxidation in bacteria that can metabolise CO as a source for energy such as R. rubrum (reviewed by (Roberts et al., 2004). The coo operon, which encodes proteins responsible for the metabolism of CO is under the control of the homodimeric CO sensor, CooA which acts as a transcriptional activator  (reviewed by (Ascenzi et al., 2004). As well as being a CO sensor, CooA also acts as a redox sensor as CO only binds to the haem co-factor of CooA in its reduced form (Clark et al., 2007). Other examples of haem-containing CO sensors are the two component FixLJ system in Rhizobium meliloti (Gilles-Gonzalez et al., 1991), as well as HemAT in Bacillus subtilis (Hou et al., 2000).
As discussed earlier, several studies have shown that during M. tuberculosis infections, induction of HO-1 occurs in the host macrophage (Kumar et al., 2008; Shiloh et al., 2008). HO-1-derived CO is then sensed by a two-component signal transduction system involving the histidine kinase sensors DosS and DosT (Shiloh et al., 2008). The response regulator is DosR, and together they lead to the induction of ~50 genes known as the dormancy regulon, thus leading the bacteria to switch to a state of dormancy. A recent paper has shown that as well as changing its transcriptome upon sensing CO, M. tuberculosis also carries a CO resistance gene (cor) to protect from CO-mediated toxicity (Zacharia et al., 2013). The virulence of a cor mutant was diminished in murine models of tuberculosis and heterologous expression of cor in E. coli resulted in resistance to CO toxicity.  Thus, Zacharia et al.showed the role for HO-1-derived CO in reducing infections caused by an intracellular pathogen, as well as discovery of a CO resistance gene in pathogenic bacteria, but the mechanism of Cor action is unknown.
[bookmark: _Toc356530718]1.4 Carbon Monoxide Releasing Molecules (CORMs)
[bookmark: _Toc356530719]1.4.1 The invention of CORMs and the principles of design
The many beneficial effects of CO in the body, as discussed in earlier sections (Section 1.2.2), means that research into ways in which CO could be delivered in the clinic gained considerable attention. Although inhalation therapy does show some potential in delivering the therapeutic effects of CO (Section 1.2.4), the systemic nature of CO delivery, and binding to Hb is a limitation. Considerable amounts of research have therefore gone into synthesising pharmaceutical agents that allow the release of CO in a controlled and targeted manner (Motterlini et al., 2002b). This was the motivation behind the synthesis of CO Releasing Molecules, also known as CORMs. 
The initial proponents of CORMs, Roberto Motterlini and Brian Mann, exploited the potential of transition metals being stable carriers of CO, and therefore CORMs are typically transition metal carbonyls. Ludwig Mond first discovered metal carbonyls in the 1890s and they consist of a transition metal centre (often iron (Fe), manganese (Mn) or ruthenium (Ru)) coordinated to carbonyl groups. They are well recognised in the field of organometallic chemistry, particularly in industrial catalysis and purification processes (Herrmann, 1990). The rich chemistry of transition metals accommodates flexibility for modifications to be made to CORMs, allowing for varying numbers of CO ligands and CO release mechanisms to suit different areas of biology. The synthesis of CORMs began in the early 2000s and the properties of the ideal CORM for biological and clinical use has been described as follows by Davidge et al.(Davidge et al., 2009a):
i) Non-toxic to mammalian cells
ii) Be adequately water-soluble to be administered effectively
iii) Be stable in both solid and dissolved form, so that it can be stored safely
iv) Ability to release CO at a balanced rate, i.e. fast enough to reach targets at biologically active concentrations but stable enough to be stored without the loss of CO
The ability to be able to store CO in solid forms as CORMs reduces the risk of accidental leakage of CO gas, which can cause lethal poisoning. Solutions of CORMs can also be injected intravenously, or applied externally to sites of injury, allowing for targeted delivery. Table 1.2 shows descriptions and structures of the most commonly used CORMs and more detail can be found below. 


[bookmark: _Toc356531212]Table 1.2. The chemical structures and CO-releasing properties of biologically significant CORMs.
	CORM
	Structure
	CO-releasing properties

	ALF062
	[image: ]
	CO released spontaneously in solution.
Soluble in 20% methanol.

	CORM-1
	[image: ]
	CO released by photoactivation.
Soluble in DMSO.

	CORM-2

	[image: ]
	CO released by ligand exchange.
0.7 mol CO/mol CORM.
Realease promoted by dithionite.
Soluble in DMSO.


	CORM-3
	[image: ]
	Complex release mechanism.
1 mol CO/mol CORM
Promoted by dithionite.
Soluble in H2O.

	CORM-401
	[image: ]
	CO released spontaneously (1 mol); released via ligand substitution (~3.2 mol).
Soluble in H2O.

	CORM-A1
	[image: ]
	CO released spontaneously.
Dependent on temperature and pH.
1 mol CO/mol CORM.
Soluble in H2O.


	PhotoCORM
	[image: ]
	CO released upon photoactivation at 365 nm.
2.2 mol CO/mol compound.
Soluble in H2O.


	TryptoCORM
	[image: ]
	CO released upon photoactivation.
At 465 nm = 1.4 mol CO/mol CORM.
At 400 nm = 2 mol CO/mol CORM.
Soluble in DMSO.




[bookmark: _Toc356530720]1.4.2 CO release and therapeutic properties of popular CORMs
1.4.2.1 CORM-1
[Mn2(CO)6] (CORM-1) was the first CORM studied for use in biology (Motterlini et al., 2002b). It is an orange-yellow crystalline solid, insoluble in water, and only soluble in dimethylsulfoxide (DMSO). The CO is released upon photolysis where the Mn-Mn bond breaks to give rise to [Mn(CO)5] and a CO dissociation reaction occurs to give [Mn(CO)9]. CO release from CORM-1 occurs more favourably at shorter wavelengths (266 and 308 nm) (Kobayashi et al., 1986; Sarakha & Ferraudi, 1999). Motterlini et al.first demonstrated its biological effects as CORM-1 alleviated vasoconstriction in rat hearts upon CO release (Motterlini et al., 2002b). The CO released from CORM-1 also mimicked vasodilatory effects of HO-1-derived CO, as discussed in previous sections (Section 1.2.2). Toxicity studies revealed that low concentrations (100 μM) did not cause toxicity in vascular smooth muscle cells during a 24 h time course. However, its insolubility in water is a disadvantage for its potential clinical applications. A recent study has described efforts to generate nanostructured hybrid nonwovens via the electrospinning of CORM-1 and the polymer polylactide (Klinger-Strobel et al., 2016). CO release was achieved by illumination at 405 nm and the nonwoven showed promise in combating S. aureus biofilms.
1.4.2.2 CORM-2
The second CORM to be synthesised was a dinuclear ruthenium (II) carbonyl dimer [Ru(CO)3Cl2]2 (CORM-2) (Motterlini et al., 2002b). Ruthenium-based CORMs were considered to have great potential as CO releasers and the rich chemistry allows many ligands to bind to the metal centre and thus allows greater manipulations of CO release mechanisms and kinetics (Foresti et al., 2004). CORM-2 is not water-soluble and for biological applications is dissolved in DMSO. It releases its CO spontaneously in DMSO. Upon dissolution in DMSO, CORM-2 rapidly transitions into mononuclear ruthenium(II)-carbonyl complexes [RuCl2(CO)3DMSO] via displacement of the Cl bridges with DMSO (Davidge et al., 2009b; Klein et al., 2014). These monomers react further react with DMSO via the displacement of one CO ligand and form [RuCl2(CO)2-(DMSO)2] isomers (Seixas et al., 2015b). The detected CO release in the presence of dithionite-reduced myoglobin is 0.7 moles of CO per mole of CORM-2, with a half-life of 1 min. For this reason, CORM-2 was known as a fast CO-releaser (Clark et al., 2003; Desmard et al., 2012; Motterlini et al., 2002b). However, the CO release from CORM-2 is still poorly understood and recent studies have highlighted the importance of sulfite species, for example dithionite used to reduce myoglobin to prepare it for CO binding, for CO release from CORM-2 (McLean et al., 2012). In fact, miniscule or no CO release can be detected when CORM-2 is added to PBS or growth media in the absence of dithionite, as analysed by oxyhaemoglobin assays, CO electrode, gas-phase chromatography, or FTIR (Desmard et al., 2012; Klein et al., 2014; McLean et al., 2012; Nobre et al., 2007; Seixas et al., 2015a; Seixas et al., 2015b). CO is released only when sodium dithionite or other sulfite species are present. 
Despite the ambiguity surrounding the exact CO release mechanisms, hundreds of studies report the biological effects of CORM-2.  For example, CORM-2 has been shown to have cardioprotective properties due to its inhibition of human cardiac L-type calcium channels (Scragg et al., 2008). CORM-2 reduced mortality, lung injury and pancreatic damage in a murine model of acute pancreatitis (Xue & Habtezion, 2014).  Recent studies have reported that CORM-2 protects against lethal renal ischemia-reperfusion injury (ISI) by preventing ISI induced translocation and release of the high-mobility group box 1 (HMGB1). HMGB1 is a chromatin-binding nuclear molecule which, when released by damaged cells, has strong proinflammatory effects. CORM-2 reduced IRI induced acetylation of HMGB1, which then reduced its release into damaged cells, thereby negating proinflammatory effects and protecting against renal ISI (Ruan et al., 2014; Sun et al., 2017).  Other anti-inflammatory effects of CORM-2 can be seen in septic mice whereby CO released from CORM-2 reduced LPS-induced ROS production (Cepinskas et al., 2008). It also protected against acute renal failure due to ischemia (Vera et al., 2005).
1.4.2.3 CORM-3
[Ru(CO)3Cl(glycinate)] CORM-3 is water soluble CORM synthesised from CORM-2, with the addition of a glycine coordinated to the ruthenium centre (Clark et al., 2003). It is biologically more favourable than the previous two CORMs due to its improved water solubility. For this reason it has attracted the most interest and several studies exist detailing its therapeutic benefit in organ transplantation, cardiovascular disease, and acute kidney, lung, and liver injury (reviewed by (Davidge et al., 2009a). Like CORM-2, it is also commercially available, but at high cost.  When CORM-3 is dissolved in water, [OH]- groups of water attack one CO ligand per molecule, forming an acidic solution with a pH of 2.5-3 (Davidge et al., 2009a). CORM-3 releases, in theory, one mole of CO per mole of compound in the presence of dithionite-reduced myoglobin, with a half-life of less than 2 min (Clark et al., 2003). Like CORM-2, it was also known as a fast CO-releaser. Recent studies however have questioned the CO release kinetics of CORM-3. Studies have shown that it is in fact sulfur-containing reducing agents such as sodium dithionite that promote the release of CO from CORM-3 (McLean et al., 2012). The results from the McClean et al. study are consistent with findings that when CORM-3 was dissolved in buffer in a closed vial without dithionite, only CO2 could be detected in the headspace when analysed by gas chromatography (Clark et al., 2003; Romao et al., 2012; Santos-Silva et al., 2011b). The production of CO2 can be explained by a water gas-shift reaction where one CO is attacked by water, causing subsequent formation and release of CO2. Several studies now also show that CO is not released directly from CORM-3 in physiological conditions, but through its interactions with cellular proteins instead. Complexes with the formula [RuL3(CO)3]2+, which includes CORM-3,  have been shown to react rapidly with proteins forming mono- and dicarbonyl RuII protein adducts (Santos-Silva et al., 2011a; Santos-Silva et al., 2011b).  Chaves-Ferreira et al.showed for the first time that the metalloproteins, produced from the hydrolytic decomposition products of CORM-3 reacting with His residues on the surface of proteins, are indeed responsible for the release of CO in vivo. The administration of CORM-3 or a product of the reaction of CORM-3 with bovine albumin serum, BSA-Ru(CO)2, led to an increase in endogenous CO levels in the blood and tissues of rodents (Chaves-Ferreira et al., 2015; Seixas et al., 2015a; Seixas et al., 2015b; Wang et al., 2014). These studies show that coordination of CORM-3, specifically Ru(II) to proteins may be a key mechanism of CORM-3 action and toxicity in biological systems. 
Numerous studies detail the therapeutic effects of CORM-3. Foresti et al.showed that, like HO-1-derived CO, CORM-3 showed substantial vasodilatory properties with concentrations as low as 25 – 50 μM (Foresti et al., 2004). It also protected myocardial cells and rat hearts with IRI and reduced cardiac allograft rejection in mice (Clark et al., 2003). CO delivered by CORM-3 also showed anti-inflammatory effects, beneficial in diseases such as arthritis. CORM-3 treatment led to a reduction in inflammatory cytokines in joints, decreased the employment of inflammatory cells thereby reducing joint inflammation, and increased cartilage strength in animal models of arthritis (Ferrandiz et al., 2008). Treatment of mice with CORM-3 replicated effects of endogenous CO in a mouse model of pulmonary hypertension where mice were treated with CORM-3 once daily for 3 weeks at a concentration of 50 mg/ kg (Abid et al., 2014). A new study has also shown that CORM-3 inhibits the NLRP3 inflammasome, which is an intracellular multi-protein complex controlling the maturation and release of IL-1β and IL-18 (Zhang et al., 2017). This inhibition by CORM-3 abolished myocardial dysfunction in septic mice. Additionally, CORM-3, as with other CORMs is also a modulator of ion channels (Wilkinson & Kemp, 2011).
1.4.2.4 CORM-401
[Mn(CO)4S2CNMe(CH2CO2H)] CORM-401 is a manganese-based CORM synthesised as an alternative to ruthenium based CORMs. CORM-401 is water-soluble at pH 7.4 and releases 3.2 moles of CO per mole of compound, with a half-life of approximately 5 min (Crook et al., 2011). Although dithionite enhances the rate of CO release from CORM-401, its presence is not essential for CO release to occur (McLean et al., 2012). As well as the CO release being accelerated by dithionite, CORM-401 also releases some CO via a reversible, dissociative process (Crook et al., 2011; McLean et al., 2012). The presence of phosphorus and pyridine ligands has also been shown to promote the release of CO in a concentration dependent manner. This is due to reactions of the compounds with CO or the CORM backbone, preventing reassociation of the metal with CO (Mann, 2012).
Not many studies describe the biological effects of CORM-401. Nevertheless, minimal toxicity of CORM-401 was demonstrated on RAW 264.7 macrophages and CORM-401 was able to reduce LPS-induced nitrite production by 70% (Crook et al., 2011). CORM-401 has also been shown to inhibit oxidative damage induced by H2O2 in cardiomyocytes (Kobeissi et al., 2014). A recent study showed that oxidants such as H2O2 and HOCl increase CO release from CORM-401 (Fayad-Kobeissi et al., 2016). In doing so, it also relaxed pre-contracted aortic rings, and vasorelaxation was enhanced when combined with H2O2. These properties are particularly useful in the clinic in the treatment of inflammatory and oxidative-stress mediated diseases. 
[bookmark: _Toc356530721]1.4.3 Advances in CORM design
1.4.3.1 PhotoCORMS: Light-triggered CO release from dark-stable metal carbonyls
The term ‘PhotoCORM’ (i.e. photoactivated carbon monoxide releasing moiety) (Rimmer et al., 2010) is used to describe a CORM that releases CO when illuminated with a specific intensity and wavelength of light (Schatzschneider, 2011). Most of the CORMs that are normally used release CO via a hydrolytic process and their therapeutic utility is determined by their half-life in physiological conditions. CORM-3 for example has been shown to have a half-life of only 3.6 min in human plasma (Johnson et al., 2007). The half-life of CORMs has to be delicately balanced so that it is long enough to allow the compound to reach its biological target in the organism but also fast enough to provide the desired effect. PhotoCORMs overcome this limitation, as they are stable in the dark and release CO when illuminated at a certain wavelength. This potentially allows these PhotoCORMs to accumulate in target tissues or cells and the exact timing CO release can be controlled. 
The use of light as an external trigger for the control and modification of drugs is not without precedent. It is able to offer high spatiotemporal resolution, does not cause contamination of samples and is fairly non-invasive. Indeed many examples of optical control of antibiotics can be found in the literature. A broad-spectrum antibiotic (based on quinolones) that can be activated with UV light at 365 nm and then inactivated at visible light has been reported (Velema et al., 2013). Examples of using light to generate singlet oxygen (1O2) with the aim of destroying malignant cells (Brown et al., 2004), and the use of photoactivable pro-drugs in cancer treatment can also be found (Farrer et al., 2009). 
1.4.3.2 PhotoCORMs: Principles of design
For photoactivated delivery of CO to biological targets, the metal-carbonyl complex has to be stable in the dark for long periods of time to allow for accumulation in desired tissues and organs without any loss of CO. Only upon photoactivation with the appropriate wavelength should the compound release its CO ligand, and ideally, the metal-ligand left behind should remain intact. The released CO would then diffuse to bind its target and the metal co-ligand moiety would either bind a solvent molecule (e.g. from the environment) to complete its sphere. This would then prevent reassociation of the released CO  (reviewed by (Schatzschneider, 2011). Improvements on this are PhotoCORMs synthesised whereby each CORM has one additional pendant ligand ‘arm’ per labile CO. Upon CO release, this extra arm would then bind the empty sphere in the metal-CO ligand moiety, completing the coordination sphere (Nagel et al., 2014). This has the advantage of generating a well-defined iCORM, whose biological activity can be separately tested and compared to that of the CO alone. 
1.4.3.3 Examples of PhotoCORMs
Although the term PhotoCORM was not used, one of the first CORMs to be synthesised, CORM-1 (Section 1.4.2.1), and (Fe(CO)5), released CO upon photoactivation with a cold light source (Motterlini et al., 2002a). Issues surrounding poor bioavailability, and high toxicity of the (Fe(CO)5) prevented their use in biology. After that, one of the first group of compounds to be studied for their therapeutic effects as PhotoCORMs were monocationic manganese(I) tricarbonyls [Mn(CO)3(tmp)]+ (Niesel et al., 2008). These compounds have been shown to release 2 moles of CO per mole of compound, and have proven to kill HT29 human colon cancer cells upon photoactivation at 360 nm. [Mn(CO)3(tmp)]+ has been conjugated to a targeting peptide as a way of directing it to specific cancer cells (Pfeiffer et al., 2009). It has also been linked with silicium dioxide nanoparticles, which then has the potential of delivering the PhotoCORM to solid tumours without compromising its CO release properties (Dördelmann et al., 2011).
Other examples of PhotoCORMs are the photoreaction of cyclic unsaturated diketones, such as the three compounds synthesised by Peng et al. (Peng et al., 2013). The group designed PhotoCORMs that at first released CO only in organic solvents when illuminated at 470 nm. Due to hydration problems, no CO release was seen in aqueous solutions and to overcome this, the PhotoCORMs were encapsulated in micelles, which have a hydrophobic inner environment, thus protecting the carbonyl from hydration. This allowed CO release to occur in aqueous solutions and also had the advantage of generation of fluorescent products post-illumination, which enabled the released CO to be monitored in real time. In fact, they showed that acute myeloid leukaemia (AML) cells fluoresced brightly upon treatment and illumination with one of the PhotoCORMs, indicating accumumation of the PhotoCORM by AML cells, and the occurrence of intracellular Photo-activated CO release. No cytotoxicity was caused by the byproduct and no photodamage was caused under those conditions. 
Recently, Ward et al. published a study detailing the synthesis of the first PhotoCORM to be activated using visible light (Ward et al., 2014). The PhotoCORM was a tryptophan-derived manganese-containing complex, which they labeled TryptoCORM. The TryptoCORM released 2 moles of CO at 400 nm and 1.4 moles at 465 nm and did not release CO in the absence of light.  At concentrations of 100 μM, it showed low toxicity to RAW 264.7 cells. Its antibacterial effects will be described later (Section 1.5). Their most recent study has pointed out that in the presence of the high affinity CO scavenger Leg- Hb, the TryptoCORM was able to release biologically significant amounts of CO, even in the absence of light (50% saturation of Leg-Hb over 55 min incubation period) (Ward et al., 2017).
1.4.3.4 Novel manganese based PhotoCORM [Mn(CO)3(tpa-κ3N)]+
The CORM used in the present study is [(Mn(CO)3(tpa-κ3N)]+ and was synthesised by the Schatzschneider group in Germany (Nagel et al., 2014). This is a novel, manganese-based photoactive CORM prepared from [Mn(Br(CO)5] and tris(2-pyridylmethyl)amine (tpa) for delivery of CO to biological systems . The PhotoCORM prodrug is water-soluble and stable in solution for up to 16 h. Upon photoactivation at 365 nm, 2-3 molecules of CO are released from the metal coordination sphere. Different intermediate species from the PhotoCORM were detected with solution IR spectroscopy and assigned using Density Functional Theory (DFT) vibrational calculations (Nagel et al., 2014). Chapter 3 contains more detailed information on PhotoCORM, including a reaction scheme of the photolysis. Since this PhotoCORM was only recently synthesised, only one study had been performed on its biological effects prior to the work described later in this thesis. A laboratory strain of Escherichia coli was treated with the PhotoCORM and antibacterial activity reported only when the PhotoCORM was illuminated with UV light at 365 nm (Nagel et al., 2014). The following results chapter will detail the antibacterial effects of this PhotoCORM, as well as mechanisms of action in more detail (Chapters 3 and 4).
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Enzyme-triggered CORMs (ET-CORMs) are based on enzyme-responsive drug delivery, and they were designed to allow site-specific delivery of CO (Zelzer et al., 2013). They are stable in solution, releasing CO after entry into target cells, and upon enzymatic cleavage of the ester group by intracellular esterases. They can have site-specific cleavable linkers, for example trypsin cleavable linkers specific to pancreatic tissue, thereby potentially allowing targeted and controlled CO release (Kost & Langer, 2012; Vartak & Gemeinhart, 2007). Efforts to advance pharmaceutical formulations of CORMs have also taken place in the last few years.  Examples include the Oral Carbon Monoxide Releasing System (OCORS) for delivery of CORMs and CO to the gastrointestinal tract (Steiger et al., 2014). OCORS is a tablet-based system involving a CORM and a second compound that triggers CO release once the two compounds interact in solution. This allows CO release to occur over a period of days instead of minutes, and is dictated by the presence of GI fluids in the GI tract (Steiger et al., 2016). Another innovative invention is the Carbon Monoxide Releasing System for Transplants (CORST), an extracorporal CO delivery approach for use in organ transplantations (Steiger et al., 2015). This involves a CORM being encased by a CO permeable silicone membrane, and a cartridge containing a solution of the CO release trigger. Breaking the container leads to CO release in such a way that the transplant will only be exposed to CO, and thus reducing exposure to any degradation products, which may have unwanted side effects.
[bookmark: _Toc356530723]1.4.5 CO release from CORMs: Methods of detection
The most popular method of detecting CO release from CORMs is the myoglobin (Mb) assay (Motterlini et al., 2002b). Upon liberation, the CO binds to ferrous Mb, which can be observed spectroscopically as it gives a distinct Mb-CO adduct. As discussed in previous sections (Section 1.4.2), the ability of sodium dithionite, the reducing agent for myoglobin, to promote the release of CO from CORMs 2 and 3 confounds results obtained from this method (McLean et al., 2012). Therefore, alternative methods of detecting the release of CO are paramount. One example is the oxyhaemoglobin assay, which measures the binding of CO to haemoglobin without the need of dithionite (McLean et al., 2012). Using this same principle, overproduction of intracellular globins, such as the E. coli flavohaemoglobin Hmp has been found to be a sensitive detector of intracellular release of CO from CORMs in bacteria. In this thesis, we have overexpressed the truncated globin (Ctb) of Campylobacter jejuni in E. coli cells as a sink to trap CO release from PhotoCORM (Chapter 3). Highly sensitive dual-wavelength spectrophotometers utilising Integrating Cavity Absorption Meters (ICAMs) allow spectroscopic visualization of CO binding to terminal oxidases in growing bacterial cultures and can prove very useful in detecting intracellular CO release from CORMs in vivo, and in real-time (Chapter 5).  
Wang et al. have described a fluorescent-based probe to detect CO in cells, called COSer (Wang et al., 2012). A fluorescent peptide was genetically inserted into the coo operon found in R. rubrum. This operon is under the control of CooA, a highly selective and dimeric CO-sensing haem protein (Section 1.3.3). Conformational changes occur as a result of CO binding, and this leads to an increase in fluorescence. Transfection of HeLa cells with COser enabled imaging of intracellular CO upon treatment with CO or CORM-2. Another fluorescent probe (COP-1), based on palladium-mediated carbonylation, enabled selective detection of CO in cells treated with CORM-3 and a PhotoCORM (Michel et al., 2012; Zobi, 2013). Gas chromatography and gas FTIR have been used to detect CO gas in the headspace of a closed system (Santos-Silva et al., 2011a; Santos-Silva et al., 2011b; Tinajero-Trejo et al., 2016). A PhotoCORM with luminescent properties has allowed its location to be tracked by confocal microscopy (Pierri et al., 2012). 
[bookmark: _Toc356530724]1.5 The antimicrobial effects of CORMs
CO has many desirable features which make it an ideal antimicrobial; it is sufficiently water-soluble, is stable in the body and rarely metabolized, small in size so can traverse cell membranes, and is naturally produced in many living organisms, including mammals and microorganisms by HOs (reviewed by (Fukuto et al., 2012). Furthermore, several papers now exist detailing the antimicrobial effects of CORMs against a broad range of bacteria (reviewed by (Wareham et al., 2015). Interestingly, CORMs in general are much more toxic to bacteria than CO gas and their mechanisms of toxicity is not well understood. The sections below provide more detail on the antibacterial activities of some well-known CORMs and attempt to elucidate their modes of action. 
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Several studies now exist that demonstrate the direct antibacterial effects of CORMs, with comparisons made to CO gas. Nobre et al. illustrated the antimicrobial activities of Ru-based CORMs: CORM-2 and CORM-3 against both Gram-positive and Gram-negative bacteria (Nobre et al., 2007). They showed that killing of greater than 20% was achieved within 1 h of treatment of E. coli cells with 250 μM CORM-2, and more variable killing was seen with 400 μM CORM-3. Similar toxicity profiles were seen against S. aureus, although the bacterium demonstrated greater resistance to CORM-3. Cultures containing exogenously applied haemoglobin, which acts as a CO scavenger, or the use of inactive compounds, failed to show any toxic effects when exposed to CORMs, implying that CO may be the causative agent for CORM toxicity. Moreover, they also showed bactericidal activity against both strains with two other CORMs, a Mn-based CORM-ALF 021 and a Mo-based CORM ALF-62. They found all CORMs to be significantly more toxic to anaerobically grown cells, with the possible explanation that CO preferentially binds to ferrous forms of the proteins, thereby requiring lower concentrations of CORMs to elicit greater toxicity in these conditions compared to cells grown aerobically. 
Davidge et al. found that CORM-3 was toxic against E. coli cultures grown both aerobically and anaerobically (Davidge et al., 2009b). However, in contrast to Nobre et al., they found that two-fold lower concentration of CORM-3 (100 μM) were required to completely inhibit aerobic growth, compared to 200 μM to inhibit anaerobic growth, demonstrating increased sensitivity to CORMs in aerobically grown cells. Furthermore, 30 μM CORM-3 caused a 10-fold drop in viability in aerobically grown cells within 2 h of treatment, compared to 100 μM CORM-3 not having any effect within the same time in anaerobically grown cells. On the one hand, increased toxicity of CORM-3 against aerobically grown cells agrees with the fact that CO is a well-known inhibitor of aerobic respiration. On the other hand, since CO is a competitive inhibitor with oxygen, it is surprising that toxic effects are still exhibited at high oxygen concentrations. Reasons for the differences between the Nobre and Davidge groups may be the differences in the types and concentrations of CORMs used; for example, Nobre et al. used much higher concentrations of CORM-2, ALF 021 and ALF 062, whereas Davidge et al. used comparatively lower concentrations of CORM-3. Different mechanisms of actions between CORMs may also be responsible for the observed differences. 
Interestingly, both studies found that cells were able to withstand much greater concentrations of CO gas bubbled into cultures, with toxic effects only seen at 1 mM final concentrations (Davidge et al., 2009b; Nobre et al., 2007). These results were unexpected as the molecule CO is small and highly permeable to membranes, but the authors reasoned that this discrepancy could be explained by the ability of CORMs to deliver CO directly to intracellular targets. This was called the Trojan Horse hypothesis and accumulation of CORMs in cells is discussed in later sections (Section 1.5.5).
Desmard et al. (2009) confirmed the antibacterial activity of CORM-3 on Pseudomonas aeruginosa by studying its effects on a laboratory strain (PAO1) and three clinical antibiotic resistant isolates (Desmard et al., 2009). Significant inhibition of growth and a decrease in cell viability were seen with much lower concentration of CORM-3  (0.5–10 μM) than the ones used for E. coli and S. aureus (Davidge et al., 2009b; Desmard et al., 2009; Nobre et al., 2007). However, the bactericidal antimicrobial effect of the Mn-based CORM-371 was found to be much lower than the Ru-based compounds (Desmard et al., 2012). Murray et al. (2012) showed the ability of CORM-2 to not only kill planktonic PAO1 but to also inhibit biofilm formation and significantly reduce the number of bacteria found within the biofilm after only 30 min post-treatment, and with long- lasting effects of up to 16 h (Murray et al., 2012).
In vivo studies showed that CORM-3 reduced bacterial numbers in the spleen and improved survival of immunocompetent mice suffering from P. aeruginosa bacteraemia (Desmard et al., 2009). Other studies have demonstrated that CORM-2 prevented colonisation of P. aeruginosa in human bronchial epithelial cells with no cytotoxic effects to the host cell itself (Desmard et al., 2009; Tavares et al., 2011). It should be noted that although these studies highlight the potential of CORMs as antimicrobial agents to treat P. aeruginosa infections, numerous clinical isolates were found to be resistant to CORM-2, and the use of rich media dampened the bactericidal effect of CORM-2. This shows that the efficacy of CORM-2 is undoubtedly dependent on the strain type of P. aeruginosa, as well as the nutrients available.
Recently, a few groups have reported antibacterial activities of various PhotoCORMs, which release light only upon illumination at a desired wavelength. The first study of this kind was by Nagel et al. who showed that PhotoCORM [Mn(CO)3(tpa-κ3N)]Br, upon CO realease when illuminated at 365 nm, was found to be toxic against E. coli cells (Nagel et al., 2014). The compound in the dark was without effect. Interestingly, when cells were grown with glucose as the sole carbon source, only a transient inhibition of growth was observed, even at high concentrations (250–500 μM). In contrast, a more pronounced, dose-dependent inhibition of growth was seen when cells were grown with succinate as the only carbon source. The authors explained that this was due succinate-grown cells having constrained energy metabolism, and a strong indicator that the toxicity was due to the released CO binding to terminal oxidases. Another group showed that a tryptophan-derived Mn-containing TryptoCORM, which releases CO when illuminated at 465 or 400 nm was toxic to E. coli cells when illuminated in situ. They also showed no toxicity to macrophages at concentrations required to elicit growth inhibition to bacteria (Ward et al., 2014). The tryptoCORM pro-drug had no effect against E. coli cells in the dark. However, a more recent study showed that the tryptoCORM is highly effective against the human pathogens Neisseria gonnorhoeae and S. aureus even without illumination (Ward et al., 2017). The authors say that in both cases, the antimicrobial effect of the TryptoCORM is, at least in part, due to the CO released even in the dark. They show that in the presence of a high affinity CO scavenger, Leg-Hb, TryptoCORM was able to release CO in the dark. However, addition of Leg-Hb was not able to rescue N. gonorrhoeae from tryptoCORM-induced toxicity. The toxic effects of tryptoCORM in S. aureus were reversed by addition of Leg-Hb but the cytostatic effects remained. These results indicate that either these bacteria are extremely sensitive to extremely low amounts of CO, which cannot be effectively scavenged by Leg-Hb, or more likely that the mechanism of toxicity is independent of CO, and more specific to certain bacteria.
[bookmark: _Toc356530726]1.5.2 Importance of respiration inhibition in CORM toxicity
It has been known for almost a century now that CO is an inhibitor of bacterial respiration (reviewed by (Keilin, 1966). At high ratios of CO:O2 (9:1), CO inhibits aerobic respiration by binding to ferrous iron in haem groups of terminal oxidases in the respiratory chain in bacteria (Fig. 1.5). It was therefore assumed that a major target and mode of 
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Fig. 1.5: Bacterial electron transport chain and ATP synthesis. The above diagram is a simplified overview of the bacterial respiratory chain and the synthesis of ATP via the proton motive force (PMF). Simply, electrons move along the electron  transport chain from donor to acceptor through a series of coupled oxidation-reduction reactions until they reach a terminal electron acceptor. In aerobic respiration, this is O2. First, electrons are transferred from NADH and FADH2 (products of the citric acid cycle) by NADH dehydrogenase (I) for NADH and succinate dehydrogenase (II) for FADH2. These electrons are fed into the quinone pool (Q) are transferred to cytochromes and then one of the terminal oxidases. In E. coli, these are cytochrome bo, bd-I and bd-II. The terminal oxidases catalyse the conversion of O2 to H2O. Electron transport reactions of dehydrogenases (I) and oxidases (IV) facilitate the net transfer of H+ out of the cytoplasm into the periplasm, generating a difference in electronic charge (i.e. membrane potential ΔΨ) and proton concentration (ΔpH). The PMF is the sum of this potential energy and is used to generate ATP through oxidative phosphorylation. The translocation of H+ from the periplasm back into the cytoplasm is via ATP synthase. Figure was constructed from information based on Poole & Cook, 2000 and Neidhart et al., 1990.


toxicity of CORMs would be inhibition of respiration. Indeed, treatment with CORM-3 has been shown to cause reduced oxygen uptake in P. aeruginosa cells (Desmard et al., 2009). E. coli cultures incubated with 30 μM CORM-3 for 2 h and washed prior to measurement of respiration revealed that respiration rates were significantly reduced (Davidge et al., 2009b). Other studies have revealed the inhibition of respiration in several species of bacteria, including Campylobacter jejuni (Smith et al., 2011); Salmonella enterica (Wilson et al., 2013); and Helicobacter pylori (Tavares et al., 2013). 
Wilson et al.demonstrated in further detail the effects of CORM-3 on bacterial respiration (Wilson et al., 2013). Addition of CORM-3 to bacterial cultures resulted in a period of respiration stimulation in E. coli cultures, which was then followed by inhibition of respiration. The group concluded that this initial stimulatory effect by CORM-3 was not due to stimulation of oxidase activity by CORM-3, nor via uncoupling of electron transport from the generation of the proton motive force as seen in classical uncouplers like CCCP (Lo Iacono et al., 2011). Instead, the authors found that CORM-3 enabled the movement of sodium and potassium ions into the cells, which they hypothesised would result in less back pressure from positive charges outside of the cell, therefore favouring proton extrusion coupled to respiration. Recently, a Mn-based CORM-401 has also been shown to stimulate respiration in E. coli cells, mimicking the uncoupler CCCP (Wareham et al., submitted).
It was thought initially that the inhibition of respiration caused by CO liberated from CORMs was a key player in their antibacterial activities (Davidge et al., 2009b; Desmard et al., 2009). However, this assumption has under question via various lines of evidence. For example, CORMs are toxic in anaerobically grown cultures, in the absence of aerobic respiration (Davidge et al., 2009b; Nobre et al., 2007; Nobre et al., 2009). This demonstrates that aerobic respiration is not the main mechanism of toxicity by CORMs. Importantly, Wilson et al. showed that CORM-3 showed significant toxicity against an E. coli hemA mutant lacking any haems – the ‘classical’ target of CO (Wilson et al., 2015). Further evidence that inhibition of respiration is not the main culprit behind CORM toxicity is a study showing minimal effects of CORM-3 on the growth of C. jejuni, despite diminishing the rate of respiration (Smith et al., 2011). 
[bookmark: _Toc356530727]1.5.3 Effects of CORMs on gene expression and insights into their mechanism of action
There have been a handful of studies investigating the effects of CORMs on the transcritomic profile of E. coli (Davidge et al., 2009b; McLean et al., 2013; Nobre et al., 2009; Wilson et al., 2015). These studies highlight the complex nature of CORM activity in bacteria and also show that effects of CORM-2 and CORM-3 on gene expression greatly exceed that seen with CO gas (Wareham et al., 2016). In agreement with their growth studies, Nobre et al.showed that CORM-2 has greater effects on gene expression in anaerobic cultures, than in aerobic conditions, reflecting increased sensitivity of anaerobically grown cells to CORM-2 (Nobre et al., 2009). There was up-regulation in the expression of the redox sensors OxyR and SoxS. CORM-2 also caused changes in genes involved in methionine metabolism and biofilm formation. 
In contrast, Davidge et al. showed that sub-inhibitory concentrations of CORM-3 affected transcription in aerobic cultures more than in anaerobic cultures (Davidge et al., 2009b). Remarkable modulation of the transcriptome was observed with down-regulation of 183 genes and up-regulation of 63 genes aerobically compared to the down-regulation of 41 genes and up-regulation of 29 genes anaerobically.  As expected, there was down-regulation of genes encoding key respiratory complexes such as the cytochrome bo’ terminal oxidase involved in aerobic respiration, and succinate dehydrogenase linking the citric acid cycle to the electron transport chain. Probabilistic modelling of the array data also revealed 8 transcription factors significantly affected by CORM-3. Of note are the respiratory metabolism regulators ArcA and Fnr. Transciptomic studies revealed that in response to CO gas, these master regulators were also significantly affected (Wareham et al., 2016). 
Both studies (Davidge et al., 2009b; Nobre et al., 2009), and that of others (Jesse et al., 2013; Wilson et al., 2015) found differential expression in genes regulating transition metal metabolism, homeostasis and transport in response to CORM-2 and CORM-3. This included up-regulation of zinc and iron acquisition systems in particular.  Interestingly, up-regulation of iron acquisition genes, and changes in Fur activity were apparent as a consequence of CO gas exposure as well (Wareham et al., 2016). The authors suggested that CO might result in an increase in protein-bound iron, possibly in inactive states. The bacteria may then respond by producing even more iron-containing proteins, thus exhausting iron resources. This would then explain up-regulation in iron acquisition genes. 
The most remarkable changes were seen in the expression of spy, which encodes a periplasmic cell envelope stress response protein (Davidge et al., 2009b; McLean et al., 2013; Nobre et al., 2009; Wilson et al., 2015). This gene is upregulated by up to 5000-fold by both CORM-2 and CORM-3, and also to a lesser extent by the inactivated iCORM-3. The expression of spy is regulated by BaeSR, a two-component envelope/metal stress response system, and CpxR a general stress response regulator (Yamamoto et al., 2008). Interestingly, these regulators also control the expression of the mdtABC operon, which encodes a multi-drug efflux pump, and is highly upregulated in response to CORM-2 and CORM-3. Since spy expression is a marker for general envelope stress and the regulators BaeSR and CpxR also respond to metal stress, these results indicate that the Ru(II) in CORM-2 and CORM-3 may impose membrane stress in E. coli cells. Indeed, evidence of membrane damage is seen in E. coli cells upon exposure to CORM-3, as demonstrated by outer membrane permeabilisation assays in both wildtype MG1655 and hemA cells (Wilson et al., 2015).
McLean et al. performed rigorous transcriptomic experiments using a chemostat, in which changes in gene expression were compared between cells treated with CORM-3 and the inactivated iCORM-3 (i.e. CORM-3 with negligible CO bound). They found that the effects of iCORM-3, whilst not as pronounced, still affected numerous processes in E.coli, including general stress response, metabolism of sulfur-containing species, energy metabolism and membrane transport (McLean et al., 2013). Both CORM-2 and CORM-3 result in up regulation of genes involved in metabolism, transport and starvation responses of sulfur-containing compounds such as methionine, cysteine and glutathione (McLean et al., 2013; Nobre et al., 2009; Wilson et al., 2013). Genes involved in the synthesis and repair of iron-sulfur clusters are also up-regulated. All in all, these results suggest that sulfur-containing species are a potential target for CORM-2 and CORM-3 (McLean et al., 2013).
[bookmark: _Toc356530728]1.5.4 The role of reactive oxygen species in the antibacterial effectiveness of CORMs
The role of reactive oxygen species (ROS) and antioxidants in the antibacterial properties of CORMs is a controversial one. In mammalian studies, several groups noticed that the antioxidant N-acetylcysteine (NAC) abolished the activities of CORM-2 and CORM-3 (Sawle et al., 2005; Taillé et al., 2005).  It is known that the blockage of respiration can translate into the production of ROS; for example, CO binding to haem proteins in the mitochondrial chain resulted in a surge of intracellular ROS (Taillé et al., 2005).  In bacteria, Tavares et al. proposed the direct involvement of ROS in the toxicity elicited by Ru-based CORM-2 and Mo-based CORM ALF062 (Tavares et al., 2011). They demonstrated higher levels of intracellular ROS using the fluorescent probe 2’-7’- dichlorofluorescein diacetate (DCF) in cells treated with these CORMs. Mutations in enzymes responsible for detoxifying ROS, namely catalase or superoxide dismutase, exacerbated the toxic effects of CORM-2 and cells also showed higher levels of DNA damage post-CORM treatment. The group also revealed that the free iron resulting from the dismantling of Fe-S clusters increases when cells were treated with CORM-2. The authors explain that this increase in free iron leads to increased ROS production via the Fenton reaction. They showed that certain antioxidants, such as NAC, cysteine and reduced glutathione were able to reverse CORM-mediated toxicity in cells, thereby showing that cell killing due to the production of ROS is a key feature in CORM toxicity. Moreover, H2O2 production was detected in C. jejuni when exposed to CORM-3 (Smith et al., 2011).
Several lines of evidence also exist that contradict the production of ROS by CORMs and the role ROS plays in causing bacterial death. Firstly, only some antioxidants are able to reverse the toxic effects of CORMs against bacteria (Desmard et al., 2009; McLean et al., 2013; Murray et al., 2012; Tavares et al., 2011).  More specifically, thiol-containing antioxidants such as reduced (but not oxidized) glutathione, NAC and cysteine not only reversed CORM-3 mediated respiration in P. aeruginosa and E. coli cells (Desmard et al., 2009; McLean et al., 2013), but also reversed the bactericidal effects of these CORMs. However, other non-thiol containing antioxidants such as ascorbic acid had no protective effects against cells. It was initially thought that the addition of thiols interfered with CO binding to terminal oxidases, therefore protecting from inhibition of respiration and protecting from growth inhibition. However, in 2012, Desmard et al. showed that only metal-containing CORMs (especially Ru) were affected by thiols, therefore making this hypothesis unrealistic as CO binding to terminal oxidases should result from all CORMs (Desmard et al., 2012).  This highlights the role of the metal and its interactions with thiol containing antioxidants, which protect cells from CORM toxicity in a mechanism that is independent of their antioxidant properties. Indeed, examples of divalent metal cations reacting to thiols have been previously reported (Lemire et al., 2013).  DTNB assays, which are in vitro assays based on thiols reacting to Ellman’s reagent, showed that addition of CORM-2 and CORM-3 to cysteine, GSH or sulfhydyl-containing molecules prevented these thiols from reacting with the reagent, thus demonstrating a direct reaction between thiols and CORMs (McLean et al., 2013; Tavares et al., 2011). Studies have also shown that the reaction of thiols with CORM-2 and CORM-3 outside cells may prevent the antibacterial activities of such CORMs. For example, Jesse et al. showed that the addition of NAC dramatically reduced the intracellular accumulation of CORM-2 and CORM-3. Moreover, Seixas et al. synthesized a NAC-CORM from the reaction of CORM-2 with NAC, and this compound was non-toxic to bacterial cells (Seixas et al., 2015a). All in all, these findings show that the alleviation of the inhibitory effects of CORMs in cells by such compounds is not directly related to their role as antioxidants but due to their interactions with the CORMs instead.
The production of intracellular ROS in cells upon CORM treatment is also debatable. Although Tavares et al. showed through DCF fluorescent assays that CORM-2 and CORM-3 induced intracellular ROS production (Tavares et al., 2011), the same group also found no formation of ROS in Helicobater pylori cells treated with CORM-2 (Tavares et al., 2013). Work done by Jesse et al. (unpublished) made use of Amplex Red assays, which detect intracellular H2O2 production, detected no increase in ROS in response to CORM-2 or CORM-3. These findings are in agreement with those of Desmard et al. who found no production of ROS in P. aeruginosa planktonic cells in response to Ru-based CORM-2 and CORM-3; Mn-based CORM-371; and non-metal-based CORM-A1 (Desmard et al., 2009; Desmard et al., 2012). Although there was an increase in ROS production in P. aeruginosa biofilms upon treatment with CORM-2, ROS was shown to have minimal effects on cell death and whilst addition of thiol antioxidants reduced toxicity of CORM-2 against biofilms, it did not affect ROS production (Murray et al., 2012). These results suggest that CORM-2 prevents biofilm production in a ROS-independent mechanism.
An electron paramagnetic resonance (EPR) study revealed that CORM-2 is able to produce hydroxyl radicals in the absence of cells, in a CO-dependent fashion (Tavares et al., 2011). However, levels of ROS production were not quantified and it is not possible to say whether they are sufficient for cell killing. Indeed, mM levels of H2O2 are required to cause cell death, and ROS is more likely to have bacteriostatic effects rather than be bactericidal (Imlay, 2015). Some transcriptomic studies reveal upregulation of ROS-responsive genes within the SoxRS regulon (Nobre et al., 2009) but this is not seen in other studies (Davidge et al., 2009b). CORMs are shown to be toxic even in anaerobically grown cells, where production of ROS from oxygen is not possible (Davidge et al., 2009b; Nobre et al., 2007). So, whilst it is possible that there is some ROS production in cases of aerobically grown cells, we cannot conclusively say that it plays a major role in cell toxicity. 
[bookmark: _Toc356530729]1.5.5 Accumulation of metal
It is now becoming clear that CORMs have multi-faceted effects on bacteria, and have several potential intracellular targets and effects. The question of whether CORMs are taken up by bacteria and how this uptake correlates with their antimicrobial ability is an important one. Several studies have utilized inductively coupled plasma-atomic emission spectroscopy (ICP-AES) and shown intracellular Ru accumulation upon treatment with CORM-2 and CORM-3 (Davidge et al., 2009b; Jesse et al., 2013; McLean et al., 2013). All groups show intracellular concentrations of Ru that far surpass the concentration of CORM applied to the cell culture. Indeed, Davidge et al. showed that aerobically grown cells accumulated significantly more Ru than anaerobically grown cells when treated with CORM-3 (Davidge et al., 2009b). The intracellular concentrations were 7-fold and 2-fold higher than the concentration of CORM applied to aerobic and anaerobic cultures respectively.  This is interesting as the group also found aerobic cells to be more susceptible to CORM-3. McLean et al.not only investigated the accumulation of Ru in cells treated with CORM-3, but also the iCORM-3 and found that both compounds penetrated the cell, albeit the inactive form to a lesser extent. Intracellular concentrations of Ru reached 100 μM within minutes of treatment with iCORM-3, and double that in cells treated with CORM-3. At 80 min post treatment, Ru content in iCORM-3-treated cells plateaued at around 150 μM, whereas CORM-3 treated cells continued taking up Ru, although not at the rapid initial rate, with the final concentration of intracellular Ru reaching 400 μM. The work demonstrated that both CORM-3 and its inactivated counterpart are accumulated intracellularly and yield a complex response at the transcriptomic level (McLean et al., 2013). 
Wilson et al. showed enhanced toxicity of CORM-3 in cells lacking haem, strongly suggesting that the toxicity of CORMs is not solely due to classical biochemical targets of CO (Wilson et al., 2013). They showed that hemA cells accumulated significantly more Ru (3- fold more) than wildtype cells, showing that metal accumulation probably contributes to CORM toxicity. Moreover, Jesse et al. showed that not only do thiols such as NAC rescue cells from CORM-mediated toxicity, but also the simultaneous addition of 10-fold excess NAC to CORM-2 or CORM-3 treated cells significantly reduced intracellular Ru accumulation. It is therefore plausible that the antimicrobial capabilities of CORM-2 and CORM-3 are dependent on the ability of bacteria to take up Ru and the metal binding to intracellular targets.
[bookmark: _Toc356530730]1.5.6 Mammalian infection studies
Three landmark studies have demonstrated the potential of CORMs in treating infections in animal models. HO-1-derived CO and CORM-2 led to improved response to sepsis, and stimulation of phagocytosis in mice (Chung et al., 2008). CORM-2 was intravenously administered to mice at a concentration of 10 mg/kg before inoculating with bacteria to cause polymicrobial sepsis. Within 24 h of treatment, CORM-2 led to decreased bacterial counts in mice compared to control. Treatment of mice with CORM-2 post-onset of sepsis also reduced disease symptoms and increased survival rates. Pena et al. showed that CORM ALF492, a Ru-based CORM was able to fully protect mice from severe cerebral malaria and acute lung injury (Pena et al., 2012). 
Desmard et al. showed that concentrations of CORM-3 required to kill P. aeruginosa cells are 50-fold lower than the concentrations required to elicit toxicity in mammalian cells (Desmard et al., 2009).  They tested the bactericidal effects of CORM-3 against P. aeruginosa infections in mice by using a lethal mouse model of PAO1 bacteremia. They injected mice intraperitoneally with CORM-3 (7.5 mg/kg) prior to bacterial inoculation. They found that CORM-3 reduced bacteraemia-induced mortality by 80 % and non-infected mice showed no signs of toxicity in response to CORM-3. To test whether CORM-3 had a direct bactericidal effect in vivo, immunocompromised mice were infected with bacteria and were treated with CORM-3. They were shown subsequently to have significantly reduced bacterial numbers compared to untreated mice. These results strongly suggested that the antimicrobial action of CORM-3 is related to the compound’s toxicity itself rather than through modulation of the immune system.
The above-mentioned studies show the great potential CORMs have as antimicrobials in mammals. However, it is vital for researchers to fully understand the mechanisms of CORM toxicity and their cytotoxic impact to the host. Understanding their mechanism of action is therefore an important first step in furthering our knowledge.
[bookmark: _Toc356530731]1.6 Antimicrobial resistance
[bookmark: _Toc356530732]1.6.1 Antimicrobial resistance and the emergence of multi-drug resistant bacteria
The discovery of antibiotics has underpinned modern medicine, saving millions from death not only due to infections, but also preventing infections in people with weakened immune systems who are undergoing cancer treatment or organ transplantations. However, the misuse of antibiotics in clinical and community settings, as well as the use of low-dose antibiotics in agricultural and food industries’ has fuelled the rise in antibiotic-resistant bacteria (Carlet et al., 2011; Van Boeckel et al., 2015). In fact, Alexander Fleming, the founder of penicillin warned of the danger of antibiotic resistance and said in his Nobel lecture in 1945 “The time may come when penicillin can be bought by anyone… There is the danger that the ignorant man may easily underdose himself and by exposing his microbes to non-lethal quantities of the drug make them resistant.” Within a few years of the introduction of antibiotics, bacteria resistant to antibiotics were swiftly identified (reviewed by (Ventola, 2015).  
The selective pressure imposed upon bacteria through the continuous use of a wide range of antibiotics has resulted in a cumulative acquirement of resistant mechanisms in many human pathogens, giving rise to multi-drug resistant (MDR) bacteria (reviewed by (Medina & Pieper, 2016). Increase in the spread of MDR strains of bacteria has meant increased hospitalisation and increased mortality rates in infected patients.  A total of 700,000 people die every year due to drug-resistant strains of tuberculosis (TB), malaria, common bacterial infections and human immunodeficiency virus (HIV) (O’Neill, 2014). Multi-drug and extensively drug-resistant (XDR) resistant tuberculosis (TB) alone have caused 200,000 deaths worldwide (reviewed by (O’Neill, 2016). Our ability to treat infections that could be simply cured before, such as gonorrhoea, is already very limited due to resistant strains of N. gonorrhoea that can only be treated with ‘last line’ antibiotics (Davies et al., 2013). Colistin (CST), saved for use as an antibiotic of last resort to treat complicated infections caused by Gram-negative bacteria, is now being increasingly used and resistance to it is already emerging (Section 1.6.2.1) (Liu et al., 2016). 
The WHO recently published a global priority list of the most clinically important, antibiotic resistant pathogens, which urgently require research into novel treatment strategies. The list includes MDR Enterobacteriaceae, including extended-spectrum beta-lactamase producing (ESBL) E. coli and Klebsiella pneumoniae. Indeed, the Centre for Disease Control and Prevention (CDC) reported the death of a patient infected with a New Delhi metallo-beta-lactamase (NDM-1) producing strain of K. pneumoniae, despite treatment with all known antibiotics. This highlights the fact that we are indeed in a post-antibiotic era, where common infections may once again cause death. Other examples of important clinical pathogens include Acinetobacter baumannii, an increasingly antibiotic resistant opportunistic pathogen causing nosocomial infections (Giamarellou et al., 2008), and multi-drug resistant strains of P. aeruginosa.
Gram-positive bacteria also pose a major threat to human health. As mentioned above, MDR and XDR strains of M. tuberculosis cause significant deaths. Methicillin resistant S. aureus (MRSA) is a major cause of hospital-acquired infections and can now also be community acquired (CA-MRSA) (Davies & Davies, 2010). CA-MRSA has superior virulence and disease transmission abilities due to acquisition of pathogenicity-associated genes (Davies & Davies, 2010; DeLeo & Chambers, 2009), making it a high priority in the list published by the WHO.
[bookmark: _Toc356530733]1.6.2 Antibiotic resistance mechanisms
There are several classes of antibiotics, with each class having a different mechanism of action. An antibiotic is able to successfully kill bacteria by targeting an essential component of the bacteria, for example DNA synthesis, protein synthesis, cell wall architecture etc. The different classes of antibiotics and their corresponding bacterial targets is summarized in Fig 1.6.  Bacteria can either be intrinsically resistant to antibiotics or they can acquire resistance via spontaneous chromosomal gene mutations and horizontal gene transfer (HGT) (reviewed by (Blair et al., 2015). An example of intrinsic resistance is the resistance of the glycopeptide vancomycin in Gram-negative bacteria. This is because vancomycin is unable to cross the outer membrane in Gram-negative bacteria to gain access to its target D-Ala-D-Ala peptides, which it normally binds in Gram-positive bacteria, therefore inhibiting peptidoglycan synthesis in the latter (Tsuchido & Takano, 1988). 
On the other hand, bacteria can acquire resistance to antibiotics through various mechanisms, which are generally classed into three main groups: 1) Reduced intracellular accumulation of antibiotics, either through poor penetration of the antibiotic into the bacterium or via efflux of the antibiotic; 2) modification of the antibiotic target via post-translational modification or genetic mutation; and 3) inactivation of the antibiotic by modification or hydrolysis of the drug (reviewed by (Blair et al., 2015). Below is a summary of resistance mechanisms that are of particular relevance to this thesis. 
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Fig. 1.6: The mechanisms of action of common antibiotics versus those of CORMs. CORMs have been used alone or as an adjuvant to antibiotics to enhance killing of bacteria. CORMs have multi-faceted effects on bacteria including inhibition of respiration and globin function; perturbation of ion channels; metal ion homeostasis; and differential expression of genes involved in sulfur metabolism and general stress response. Some well-known targets of antibiotics are cell wall synthesis, DNA and protein synthesis; and folate synthesis. A common target of both is the cell membrane. As in the case of polymyxin antibiotics, CORM-3 has been shown to damage membranes. 



1.6.2.1 Modification of antibiotic target: Polymyxin resistance
Polymyxins, for example colistin, are cyclic antimicrobial peptides that contain long, hydrophobic tails and target Gram-negative bacteria (Cai et al., 2012; Lim et al., 2010). The hydrophobic chains help disrupt cell membranes and bind to lipopolysaccharides (LPS) (Kumar et al., 2014; Wang et al., 2013). Although colistin is a drug of last resort, the surge in complex infections caused by MDR bacteria has meant that it is now used increasingly. As a consequence, resistance to colistin is now on the rise. Generally, resistance occurs through decreased affinity of lipid A, part of the LPS, to colistin. An example is the chromosome-encoded mechanism whereby mutations occur in the genes encoding the two-component system PmrAB, which causes an overexpression of pmrC, whose product is responsible for modifying lipid A by adding a phosphoethanolamine group (reviewed by (Lim et al., 2010). This neutralises the negative charge of the LPS and therefore reduces its affinity for colistin. Worryingly, plasmid-mediated resistance to colistin has been recently reported (Liu et al., 2016). The plasmid-borne mcr1 gene signifies a new mechanism of colistin resistance whereby the MCR-1 enzyme catalyses the modification of lipid A (Gao et al., 2016; Liu et al., 2016). The spread of this plasmid-mediated resistance is more rapid than chromosomally mediated mutations, with over 30 countries having reported the identification of the mcr-1 gene in the past year (Fernández et al., 2010; Schwarz & Johnson, 2016).
1.6.2.2 Efflux pumps: Tetracycline resistance
Efflux pumps actively transport antibiotics out of the bacterial cell and are key contributors contributors of antibiotic resistance in both Gram-positive and Gram-negative bacteria (reviewed by (Blair et al., 2015). Efflux pumps can either have particular substrate specificity; for example Tet pumps actively pump out tetracyclines. Many have the ability to pump out a range of structurally distinct substrates and are called multidrug resistance (MDR) efflux pumps (reviewed by (Blair et al., 2015). Some examples of recently discovered MDR efflux pumps are KexD in K. pneumoniae, MdeA in Streptococcus mutans and LmrS in S. aureus (Floyd et al., 2010; Kim et al., 2013; Ogawa et al., 2012). 
The tet efflux genes encode membrane-associated proteins, which pump out tetracycline from the cell, reducing the intracellular antibiotic concentration and protecting ribosome function in the cell. Such efflux genes are wide spread across both Gram-negative and Gram-positive bacteria (reviewed by (Chopra & Roberts, 2001). Generally, the efflux proteins are found in the lipid bilayer of bacteria and the hydrophilic loops project into the periplasmic and cytoplasmic moieties. The efflux proteins exchange a proton for a tetracycline-Mg2+ complex against a concentration gradient (Yamaguchi et al., 1992). In Gram-negative bacteria, the efflux system consists of a gene encoding for an efflux protein and another encoding a repressor protein. These genes are regulated by tetracycline, oriented divergently and have overlapping promoters and operators (Hillen & Berens, 1994). When no tetracycline is present, the repressor protein binds the tet operators, blocking the transcription of genes encoding the repressor and efflux proteins (Hillen & Berens, 1994; Kisker et al., 1995). In the presence of tetracycyclines-Mg2+ (as low as nanomolar amounts), the antibiotic complex binds to the repressor protein and conformational changes mean that it is no longer able to bind to the operator region, allowing transcription of the genes encoding efflux and repressor proteins in a rapid time frame (Hillen & Berens, 1994; Levy, 1992). 
In gram-negative bacteria, such efflux genes are associated with large plasmids, containing resistance genes for several other antibiotics, heavy metals and toxins (Falkow, 1975). Selective pressure from any one of these factors therefore selects for the plasmid and results in the spread of MDR strains of bacteria (Levy, 1992; Roberts, 1991).
1.6.2.3 Inactivation of antibiotics by β –lactamases: β-lactams resistance
The introduction of the β-lactam antibiotic penicillin was rapidly followed by the discovery of penicillinase (a β-lactamase), an enzyme which catalyses the hydrolysis of penicillin (Abraham & Chain, 1988). Since then, inactivation of antibiotics due to enzyme-catalysed processes has come forward as a key mechanism of antibiotic resistance. Thousands of enzymes have now been discovered that can inactivate several other classes of antibiotics including phenicols, aminoglycosides and macrolides (reviewed by (Blair et al., 2015). Several subclasses of β-lactamases exist that are able to hydrolyse different members within the β-lactam family, which include monobactams, cabapenems, clavams, cephalosporin and penicillins (Livermore, 2008; Nordmann et al., 2011; Voulgari et al., 2013; Woodford et al., 2011). Early β-lactamases acted against first-generation β-lactams but more advanced β-lactamases have now been identified which are able to inactivate derivatives of such antibiotics. They are called extended-spectrum- β-lactamases (ESBLs) and are active against many β-lactam including oxyimino-cephalosporins (Johnson & Woodford, 2013). Horizontal gene transfer has been a driving force in the rapid spread of resistance to β-lactamases, with plasmids containing a diverse range of ESBLs and carbapenemases (KPC), including imipenemase, oxacillinase and NDM enzymes in pathogens such as E. coli, P. aeruginosa, E. coli and A. baumannii (Johnson & Woodford, 2013; Lynch III et al., 2013; Voulgari et al., 2013). This has meant that such infections are resistant to all β-lactams, and therefore treatment options are limited, leading to severe complications and mortality. 
The CTX-M types of ESBLs have greater activity against cefotaxime (CTX) than other oxyimino-β-lactams. There are hundreds of variants of the CTX-M genes, which are divided into subgroups and are thought to originate from the chromosomes of the commensal Kluvyera species found in soil (Rossolini et al., 2008). Insertion sequences such as ISEcp1 on such genes enable transfer onto plasmids of many bacterial species and one particular subclass, CTX-M-15 has now been spread worldwide (Poirel et al., 2012; Zhao & Hu, 2013). In fact, CTX-M-15-containing E. coli, especially those belonging to the ST131 family (discussed later) not only cause nosocomial infections but are also disseminated in the community (Dhanji et al., 2011).
[bookmark: _Toc356530734]1.6.3 Novel approaches of treatment
In medicine, antibiotics are the most commonly prescribed drugs in the world but it is reported that only 50 % of such prescriptions are considered necessary (Control & Prevention, 2013). The over prescription and misuse of antibiotics has been a key player in the rise of antibiotic resistance (Laxminarayan et al., 2013; Organization, 2012). However, even more antibiotics are used in agriculture and food production, with 4 mg to 400 mg of antibiotic found per kg of meat produced in Europe (reviewed by (Holmes et al., 2016).  Antibiotic resistant hotspots are created in conditions where high bacterial loads are coupled with sub-lethal levels of antibiotics. These exist in veterinary, agricultural and food industry settings for some of the following reasons: 1) misuse of antibiotics in household pets, 2) use as pest control in agriculture, 3) use of antibiotics as growth promoters/prophylactics in animal feed, 4) use in biocides and cleaning products (Davies et al., 2013).  Various studies have shown that resistance occurs as a result of selective pressure exerted by antibiotics not only in human medicine, but also veterinary medicine, animal and fish food industry, and agriculture (reviewed by (Holmes et al., 2016). Therefore, an integrated approach is needed, with policies addressing the complex nature of antibiotic resistance across the community and health care settings.
In order to overcome the spread of antimicrobial resistance, urgent action is required. It is essential that more research be undertaken into understanding how to minimise selection of antibiotic resistance. The optimization of antimicrobial use, including appropriate dose therapy and duration of treatment, is important in all patients, but especially in high-risk groups such as infants, pregnant women and obese individuals (Barker et al., 2012; Falagas et al., 2009). Rapid infection diagnostics support the optimization of antimicrobials and their use should be encouraged (Goossens et al., 2005; Laxminarayan et al., 2013). The need for new drug discovery is urgent and a recent review has encouragingly reported that alternatives such as phage therapy, antimicrobial peptides, probiotics and antibodies have potential to come to market in the next decade (Czaplewski et al., 2016).  Novel ways of isolating antibiotics from natural sources are being actively investigated. The use of an isolation chip (iChip) allowed researchers to grow soil bacteria that were previously impossible to culture, and this led to the discovery of a new class of antibiotics, with Teixobactim as the first member (Ling et al., 2015). Teixobactim has been proven to have exceptional activity against gram-positive bacteria, with no resistance profile. 
The use of metals as antimicrobials is also being investigated and a review by Lemire et al .provides an excellent summary (Lemire et al., 2013). For example, silver is already used for treating severe burn infections (Klasen, 2000; Silver & Phung, 1996). Iron-based compounds such as porphyrins have been shown to be effective against bacteria through production of ROS and their ability to move freely across membranes (Stojiljkovic et al., 2001). Copper- and platinum-based metallointercalator complexes have shown promise against E. coli and S. aureus through membrane destabilization (Ng et al., 2013). The antimicrobial effects of ruthenium-based compounds extend to both Gram-negative and Gram-positive bacteria (Li et al., 2015a). Proposed mechanisms of action include high levels of accumulation in cells, membrane disruption and hyperpolarisation (Li et al., 2015a).
Since the need for treating complex MDR infections is urgent, careful repurposing of withdrawn or underused antibiotics may prove to be less risky than de novo synthesis of antibiotics.  Examples are the return of colistin and fosfomycin for treating MDR gram-negative infections (reviewed by (Holmes et al., 2016). Another strategy is combination therapy, which involves the use of an adjuvant that acts in synergy with another antibiotic to enhance their effects (Gill et al., 2015). Drugs that inhibit resistance mechanisms in bacteria can be used alongside antibiotics with known resistance effectively. An example is the use of β-lactamase inhibitors, such as clavulanic acid with β-lactam antibiotics to treat infections (Bush, 2012). Gram-negative bacteria are resistant to many antibiotics because of the permeability barrier afforded by the outer membrane, and therefore compounds that target the outer membrane are often used as adjuvants (Hancock, 1985; Hancock, 1997). They enhance activity of antibiotics by enhancing permeabilisation into bacterial cells (Gill et al., 2015). 
[bookmark: _Toc356530735]1.6.4 CORMs as adjuvants to antibiotics
The use of CORMs as adjuvants to potentiate the activity of well-established antibiotics has been reported by several research groups. CORMs have mechanisms of actions that are distinct from common antibiotics and therefore show promise for use as adjuvants Fig. 1.6 shows a comparison of the targets of common antibiotics versus CORMs. Sub-inhibitory doses of CORM-2 were combined with amoxicillin, metronidazole or clarithromycin and found to enhance antibiotic effects on clinical isolates of H. pylori (Tavares et al., 2013). Inhibition of urease activity and respiration were proposed as potential mechanisms of actions. Murray et al. (2012) showed that CORM-2 not only rapidly kills planktonic PAO1 but it also decreases biofilm formation and reduces the number of bacteria found within the biofilm after only 30 min post treatment and the effects persisted for 16 h (Murray et al., 2012). An important finding was also that CORM-2 was able to prevent biofilm maturation to the same extent as a P. aeruginosa sensitive antibiotic, tobramycin. When used in conjunction with CORM-2, an additive effect was seen. In addition, the bactericidal effect of CORM-3 on PAO1 was comparable to the antibiotic amikacine and it had a greater effect than the antibiotic ticarciline, to both of which the strain is sensitive. CORM-2 potentiates the effects of DOX, CTX and trimethoprim (TR) in a lab strain of E. coli (Tinajero-Trejo et al., 2016). On the other hand, Wareham et al, which showed that, contrary to the protective effects of other gasotransmitters such as NO and H2S (Gusarov et al., 2009; Shatalin et al., 2011), CO gas had no effects, neither protection nor potentiation, against several classes of antibiotics (Wareham et al., 2016).
[bookmark: _Toc356530736]1.6.5 The multi-drug resistant Escherichia coli clone ST131
Uropathogenic E. coli (UPEC) is a key player in urinary tract infections (UTIs), causing 80% of all such infections (Flores-Mireles et al., 2015). Numerous pandemic UPEC clones have been identified over the last decade and many also cause MDR infections worldwide (reviewed by (Schembri et al., 2015). UPEC clones belonging to various multi-locus sequences types, for example sequence type 131 (ST131) forms a part of this global issue (Mathers et al., 2015; Riley, 2014).
In 2008, E. coli ST131 was first identified as a major contributor to the dissemination of the CTX-M-15 ESBL resistance gene (Lau et al., 2008; Mathers et al., 2015; Nicolas-Chanoine et al., 2008). Due to the multi-drug resistant nature of E. coli ST131, treatment options are limited, and infections can range from common UTIs to recurrent infections and more severe bacteraemia (Schembri et al., 2015).  ST131 strains have been found both in hospital and community settings across most parts of the world (Banerjee & Johnson, 2014; Qureshi & Doi, 2014). 
So far, genome sequencing has been completed for three strains belonging to the ST131 family, including SE14, JJ1886 and EC958 (Andersen et al., 2013; Forde et al., 2014; Toh et al., 2010). Most of the work in this thesis focuses on the ST131 reference strain EC958 and the following chapter contains more information on this strain. 
[bookmark: _Toc356530737]1.7 Conclusions and scope of thesis
CORMs were originally developed to deliver carbon monoxide (CO) safely in experimental and therapeutic settings (Motterlini et al., 2005). Increasing evidence that CO is an important signalling molecule (Mann, 2010) highlighted potential opportunities for therapeutic exploitation of CORMs (Motterlini & Otterbein, 2010). A wide range of CORMs have now been developed and diverse modifications have been employed to control and manipulate the CO release triggers and kinetics (Carmona et al., 2016; Glaser et al., 2016; Hasegawa et al., 2010; Schatzschneider, 2015). 
It is axiomatic that CO is a competitive inhibitor of O2 binding to ferrous haem proteins, especially respiratory terminal oxidases and globins. At high ratios of CO:O2 (typically ~ 9:1), CO inhibits aerobic respiration (Warburg, 1949). It was therefore predicted that CORMs might possess antimicrobial activity and that these actions would be primarily due to respiratory inhibition (Davidge et al., 2009b; Nobre et al., 2007). Although CORM-2 and CORM-3 do inhibit aerobic respiration of E. coli (Davidge et al., 2009b; Jesse et al., 2013; Wilson et al., 2013), P. aeruginosa (Desmard et al., 2009; Desmard et al., 2012), and other bacteria, mounting evidence highlights the multifaceted effects of CORMs, which cannot solely be due to CO (Wareham et al., 2016). Firstly, several studies showed that CORM-2 and CORM-3 were more potent inhibitors of growth and/or aerobic respiration than CO gas itself, implying that Ru(II) or another decomposition product of the CORM enhanced inhibition (Davidge et al., 2009b; Desmard et al., 2009). Secondly, transcriptomic studies revealed diverse changes in gene expression in response to CORM-2 and CORM-3 but not CO gas. These were not limited to respiratory function, and included genes involving membrane stress and drug efflux systems (Davidge et al., 2009a; Jesse et al., 2013; Nobre et al., 2009).  Thirdly, despite the classical targets of CO being ferrous haem proteins, CORM-3 is toxic to haem-deficient E. coli mutants and the haem-deficient Gram-positive Lactococcus lactis (Wilson et al., 2015). 
The antimicrobial potency of CO in CORMs is masked by the role of the Ru (McLean et al., 2013; Wilson et al., 2015). Therefore, in this thesis, we use a Mn-based PhotoCORM [Mn(CO)3(tpa-κ3N)]Br (Nagel et al., 2014) with the aim to characterize effects of the title compound, and its derivatives, against the multi-drug resistant UPEC strain E. coli EC958. We ask whether the PhotoCORM, which releases more CO than CORM-2 and CORM-3, is more toxic to bacteria. The role of CO versus the metal in the antimicrobial activity of the PhotoCORM will be explored in depth. We take advantage of the use of light as an external trigger to release CO to compare the biological effects of the PhotoCORM prior to CO release versus the activity of CO-depleted PhotoCORM upon photoactivation. The use of whole cell spectroscopy to measure CO binding to terminal oxidases in bacteria, and measurements of bacterial membrane respiration, will be performed to determine any correlations between inhibition of respiration and inhibition of cell growth in EC958 cells treated with the PhotoCORM. Real-time PCR experiments to measure changes in the expression of genes involved in ROS; DNA and membrane; and iron acquisition will be performed to explain the mechanism of action of the PhotoCORM.
As mentioned in Section 1.6.4, CORMs are also used in combination with antibiotics to help combat MDR bacteria (Murray et al., 2012; Tavares et al., 2013). We will investigate whether the PhotoCORM can act as an adjuvant to well-established antibiotics and enhance their effects. This is especially relevant as E. coli EC958 is resistant to many classes of antibiotics and therefore has limited treatment options (Totsika et al., 2011). Mechanisms of action behind any synergistic interactions will be explored. Finally, we hope to contribute to the critical need to detect CO release of CORMs binding to targets in vivo. For this, the Olis dual-wavelength spectrophotometer in CLARiTY mode will be used to detect CO binding to targets with greater sensitivity, and in actively growing cultures under physiological conditions.


[bookmark: _Toc356530738]Chapter 2 - Material and methods
[bookmark: _Toc356530739]2.1 Bacterial strains and storage conditions
[bookmark: _Toc356530740]2.1.1 Bacterial strains used 
The bacterial strains used in this work were: Escherichia coli EC958, phylogenetic group B2, ST131 serotype O25b:H4, kindly provided by Dr Mark Shepherd , UniveristyUniversity of Kent (Totsika et al., 2011); Escherichia coli MG1655 wildtype, K12 (Blattner et al., 1997); Escherichia coli MG1655 expressing the ctb gene on a pBAD cloning vector (Wainwright et al., 2006); and Salmonella enterica serovar Typhimurium 14028s (Jarvik et al., 2010). 
[bookmark: _Toc356530741]2.1.2 Bacterial strain storage conditions
All bacterial strains were stored in the form of glycerol stocks at -80°C.  Glycerol stocks were prepared by dispensing 2 ml of sterile LB containing 25% (v/v) glycerol onto the lawn of desired bacteria. The lawn was mixed into the LB-glycerol with a spreader and this slurry was dispensed into a cryovial (Nalgene) for storage at -80°C. Short-term storage for use in experiments involved streaking out cells from the glycerol stock onto agar plates with sterile plastic loops and incubating the plate overnight at 37°C. Nutrient agar was supplemented with 100 μg/ ml ampicillin (AMP) in the case of E. coli EC958. Single colonies from plates were then used in experiments, each one accounting for one biological repeat.	Comment by Robert Poole: Better to write “ampicillin (100 ug/ml)” No gap between / and ml
[bookmark: _Toc356530742]2.2 Bacterial growth media and solutions
All media were prepared with distilled, deionised water and sterilised by autoclaving at 121°C, 15 psi. Unless otherwise stated, all chemicals were purchased from Sigma, BDH or Fisher Scientific. Solutions were filter sterilised as needed using Millipore filters with a pore size of 0.2 µM or by autoclaving. Nutrient agar, yeast extract and tryptone were purchased from Oxoid and Luria-Bertani-Broth Miller was from ForMedium. Circlegrow powder was purchased from Anachem.
[bookmark: _Toc356530743]2.2.1 Luria-Bertani broth (LB)
LB Broth powder (25 g) was dissolved into 1 L of distilled H2O and autoclaved. The LB contains yeast extract (5 g/L), sodium chloride (10 g/L) and tryptone (10 g/L).
[bookmark: _Toc356530744]2.2.2 Nutrient agar
Pre-prepared nutrient agar powder (35 g) was dissolved into 1 L of distilled H2O, mixed and then autoclaved. Molten agar was poured into petri dishes, cooled and set. Plates were stored at 4°C.
[bookmark: _Toc356530745]2.2.3 Mueller-Hinton agar II
To 1 L H20 H2O was added 38 g of Mueller-Hinton agar II (Sigma) powder. The mixture was heated with frequent agitation, boiled for one minute and autoclaved. Once cooled to 50°C, the molten agar was mixed gently and dispensed into sterile Petri dishes. 	Comment by Robert Poole: O not zero
[bookmark: _Toc356530746]2.2.4 Circlegrow broth
Circlegrow powder (40 g) was dissolved into 1 L of distilled H2O, stiiredstirred and then autoclaved.
[bookmark: _Toc356530747]2.2.5 Trace elements solution for defined minimal medium
Into 700 ml of H2O was added EDTA (5 g) and the pH brought to 7.4. To this was added FeCl3.6H2O (0.5 g), ZnO (50 mg), CuCl2.2H2O (10 mg), CoNO3.6H2O (10 mg) and H3BO3 (10 mg). The volume was brought up to 1 L with H2O and the media was filter-sterilised.
[bookmark: _Toc356530748]2.2.6 Defined minimal medium
Into 990 ml of H2O was dissolved K2HPO4 (4 g), KH2PO4 (1 g), NH4Cl (1 g), CaCl2 (10 mg) and K2SO4 (2.6 g). To this, 10 ml trace element solution was added. The pH was adjusted to 7.4 and the medium was autoclaved. Then, 1 ml of 1M MgCl2 was added. Before use for bacterial growth, sterilised glucose was added to the medium at a final concentration of 0.02 M.  	Comment by Robert Poole: Always a space between digit and units
[bookmark: _Toc356530749]2.2.7 Trace elements solution for Evans minimal medium
To 990 ml of distilled H2O was added 8 ml HCl (37%), 0.412 g ZnO, 5.4 g FeCl3.6 H2O, 2 g MnCl2.4H2O, 0.172 g CuCl2.2H2O, 0.476 g CoCl2.6H2O, 0.064 g H3BO3, 0.004 g Na2MoO4.2H2O. This was made up to 1 L with distilled H2O, filter sterilised and stored at 4 °C.
[bookmark: _Toc356530750]2.2.8 Evans Minimal Medium
The following solutions were added to 1 L H2O to the stated final concentrations: 17 mM NaH2PO4.2H2O, 33 mM Na2HPO4 .2H2O, 0.01 M KCl, 1.25 mM MgCl2.6H2O, 0.1 M NH4Cl, 2 mM Na2SO4, 0.38 g nitrilotriacetic acid, 20 µM CaCl2.2H2O, 5 ml Trace Elements solution, 11 µM Na2SeO3.5H2O and made up to 1 L with distilled H2O. The pH of the media was adjusted to pH 7.4 before autoclaving. Sterilised glucose was added to the medium before use at a final concentration of 0.02 M.
[bookmark: _Toc356530751]2.3 Buffers and Solutions
[bookmark: _Toc356530752]2.3.1 Phosphate Buffered Saline (PBS)
One PBS tablet (Sigma) was dissolved into 200 ml distilled, deionised water to give 0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4, at 25°C. The solution was then filter sterilised.
[bookmark: _Toc356530753]2.3.2 Tris-HCl Buffer
To 800 ml H2O was dissolved 6.08 g of Tris-HCl (Trizma). pH was adjusted to 7.4, made up to 1 L with distilled H2O and autoclaved.
[bookmark: _Toc356530754]2.3.3 Inorganic Potassium Phosphate Buffer  (KPi) 
KPi buffer was made using 1 M stocks of K2HPO4 and KH2PO4. For 0.1 M KPi, 80.2 ml of K2HPO4 and 19.8 ml of KH2PO4 were combined together, pH adjusted to 7.4 and made up to 1 L with 900 ml H2O. The solution was then filter-sterilised.
[bookmark: _Toc356530755]2.3.4 Chrome Azurol S (CAS) Assay Solution
CAS assay solution was made as described by Schwyn and Neilands (1986). In summary, a 6 ml volume of 10 mM Hexadecyltrimethylammoniumhexadecyltrimethylammonium bromide (HDTMA, Sigma) solution was placed in a 100 ml volumetric flask and diluted with 50 ml H2O. To this, A mixture of 1.5 ml iron(III) solution (1 mM FeCl.6H2O (AnalaR, 10 mM HCl) and 7.5 ml  of a 2 mM aqueous Chrome azurolAzurol S solution (Sigma, 2 mM) was slowly added under stirring (solution A). A 4.30 g quantity of anhydrous piperazine (Sigma) was dissolved in 20 ml milliQ water and 6.25 ml of 12 M hydrochloric acid (Fischer Scientific) was carefully added (Solution B). This buffer solution (pH = 5.6) was rinsed into the volumetric flask, which was then adjusted with milliQ water to 100 ml of CAS assay solution. All glassware used had been soaked in 6 M HCl and then washed extensively in milliQ water to remove metal ions. 
[bookmark: _Toc356530756]2.3.5 HEPES Stock Solution
Preparation of 0.1 M HEPES stock solution at pH 7.4 was done by adding 2.38 g of HEPES to 80 ml deionized H2O. The mixture was stirred until completely dissolved, the pH adjusted to 7.4 before making the solution up to 100 ml with deionized H2O. The buffer was filter-sterilised and working solutions of 10 mM made by diluting with sterilized deionized H2O.
[bookmark: _Toc356530757]2.3.6 Sonication buffer 
To 900 ml H2O was added 1 mM EGTA (380 mg), 50 mM Tris-HCl (7.88 g) and 2 mM MgCl2 (396 mg). The pH was adjusted to 7.4, the buffer made up to 1 L with H2O and then filter-sterilised.
[bookmark: _Toc356530758]2.3.7 TAE buffer
To 843 ml H2O was added 57.1 ml glacial acetic acid, 242 g Trisma base and 100 ml Na2EDTA (0.5 M, pH 7.8). This produced a 50 X stock solution and was diluted 1:50 with H2O to give 1 X TAE buffer.
[bookmark: _Toc356530759]2.3.8 TE buffer
To 50 ml of 10 mM Tris-HCl buffer (made in RNase free H2O, pH 7.0) was added 100 μl of 0.5 M EDTA (made in RNase free H2O, pH 8.0). pH was adjusted to 7.5 and the solution was filter-sterilised.
[bookmark: _Toc356530760]2.4 Growth Conditions
[bookmark: _Toc356530761]2.4.1 Starter cultures
Starter cultures were prepared by inoculating a single colony from the appropriate nutrient agar plate and resuspended into 5 ml LB broth. For EC958 cells the LB was supplemented with 100 μg/ml AMP. The starter was grown overnight at 37°C and unless otherwise stated, centrifuged at 5500 rpm for 5 min in the morning. The pellet was then resuspended in 5 ml of the desired medium and used to inoculate cultures for experiments such as growth and viability studies.
[bookmark: _Toc356530762]2.4.2 Salmonella enterica serovar Typhimurium growth studies
Salmonella enterica serovar Typhimurium starter cultures were used to inoculate 20 ml Evans Medium in a 250 ml Klett flask (conical flask with a side arm) containing 20 ml Evans Medium. Cells were grown aerobically at 37°C, shaking at 200 rpm. Cell turbidity of growing cultures was measured using a Klett-Summerson photoelectric colourimetercolorimeter (Klett Manufacturing Co., New York) containing a number 66 red filter. The side arm of Klett flasks meant that optical density (OD) readings could be taken without disturbing cultures in the flask. Once cells reached mid- exponential phase, CORM-3 was added to cultures and readings were taken at regular intervals. 
[bookmark: _Toc356530763]2.4.3 Escherichia coli EC958 growth studies
Escherichia coli starter was used to inoculate a sterile flask containing defined minimal medium. The optical density of cultures was measured using a Jenway 7315 spectrophotometer at 600 nm. For growth studies, the starting ODs of all cultures were normalized to 0.1. Where specified, cultures were aliquoted into 2.5 ml volumes into glass bijou bottles and grown at 37°C and shaking at 200 rpm. OD600 readings were taken at regular intervals to measure cell growth. In other instances, 200 μl aliquots of OD normalized cell cultures were pipetted into each well of a 96 well plate (Greiner bio-one). The plates were incubated at 37°C, 200 rpm in a SunriseTM microplate reader (TECAN). For anaerobic growth, 7 ml vials were filled to the brim with cell culture and statically incubated at 37°C. In all cases, compounds whose effects on cell growth and viability were being tested were added to cultures at the start of each experiment.
[bookmark: _Toc356530764]2.4.4 Viability studies
Culture samples pre- and post-treatment with specified compounds were serially diluted in PBS to give a range of dilutions from 10-1 to 10-8. Then, 7 X 10 μl were taken from each dilution and spotted onto nutrient agar plates. The spots were allowed to dry and the plates incuvatedincubated overnight at 37°C. The dilution that gave the highest number of clear, countable single colonies was chosen for each time point corresponding to each condition Single colonies from each spot were counted and averaged to determine the number of colony forming units per ml of culture (CFU/ml).
[bookmark: _Toc356530765]2.4.5 Growth of E. coli cells overproducing the C. jejuni globin Ctb
Escherichia coli MG1655 expressing the ctb gene on a pBAD cloning vector was used (Wainwright et al., 2006). The ctb gene is under the control of an arabinose inducible promoter. Starter cultures were used to inoculate 200 ml LB (1 % v/v) and supplemented with AMP (100 μg/ ml), 5-aminolevulinic acid (500 μM ), and FeCl3  (12 μM )M .). Cultures were grown shaking at 200 r.p.m. at 37°C until OD600nm of ~0.3 had been reached, at which point 0.02% arabinose (v/v) was added and cultures were incubated for 4 h and stored overnight at 4°C.
[bookmark: _Toc356530766]2.4.6 Cultures for the isolation of E. coli EC958 membranes
Starter cultures of E. coli EC958 were used to inoculate 2 X 2L baffled flasks, each containing 1L LB. Cultures were grown shaking at 200 rpm at 37°C until OD600nm of ~1.5 was reached. At this point, cells were harvested by centrifugation at 12,000 g for 10 min at 4°C. The pellets were resuspended in 40 ml of sonication buffer (see section 2.3.6) and then broken by sonication at 12 μM amplitude for 4 intervals of 30 s with a 30 s rest period between each run. The debris was removed by centrifugation of the sonicate at 12000 g for 20 min at 4°C. The supernatant was then spun in an ultracentrifuge at 225,000 g for 1 h at 4°C to remove the membranes from the cytoplasm. The membranes, i.e. the pellets were then resuspended in buffer using a glass homogenizer and the ultracentrifuged again, but for 1.5 h to wash the membranes. The pellets were then resuspended in buffer, frozen in liquid nitrogen and stored in 50 μl aliquots until required. 
[bookmark: _Toc356530767]2.4.7 Growth of EC958 cultures for RT-PCR
Escherichia coli EC958 cells were grown as batch cultures in glucose defined minimal media. Once cells reached an OD600 of 0.4, PhotoCORM and its derivative compounds (150 μM) in the presence or absence of antibiotics. The antibiotics used were colistin (CST 1 μg/ml) and doxycycline (DOX 9 μg/ml). Where appropriate, cultures were illuminated for 6 min at 365 nm. Cells were incubated with the stresses for 10 min at which point a 5 ml volume was withdrawn from each condition. 
[bookmark: _Toc356530768]2.4.8 Determination of minimum inhibitory concentrations (MICs) using EtestsE-tests

E-tests were performed as per the manufacturer’s instructions (bioMérieux SA). BireflyBriefly, inoculaums of EC958 and MG1655 were prepared, adjusted to OD600 of 0.1 and spread onto plates containing Mueller Hinton II agar. Once the surface was completely dry, the E-test strip was placed on top and the plate incubated at 37°C for 24 h. MICs were read in accordance with the EtestE-test reading guide provided by the manufacturer. MIC breakpoints published by the EUCAST was used for interpreting EtestE-test MIC values.
[bookmark: _Toc356530769]2.4.9 Checkerboard assays

Experiments were performed in 96 well plates. Standard forms of antibiotics were purchased from Sigma and stored as instructed. Fresh stocks of antibiotic and PhotoCORM were prepared before each experiment. Cell suspensions of EC958 or MG1655 cells were adjusted to OD600 of 0.1. Increasing concentrations of PhotoCORM were administered to cells along the abscissa and increasing concentrations of the desired antibiotic along the ordinate. The resulting checkerboard contained each combination of two antibiotics, with wells that contained the highest concentration of each antibiotic at opposite corner (See Fig. 2.1). The plate was incubated for 24 h at 37°C with shaking. From the resulting growth curves for each well, the MIC of each compound alone or in combination were determined. The MIC was the lowest concentration of compound(s) where no growth was observed over a 24 h incubation period.  This was used to calculate the Fractional Inhibitory Concentration (FIC) for each of the two
[image: ]
[bookmark: _Toc356531058][bookmark: _Toc356532080]Fig. 2.1: Diagram showing a typical setup of a checkerboard experiment.	Comment by Robert Poole: Will Fig be on a separate page?


 compounds. The sum of the two FICs (ΣFIC) was then used to determine the type of interaction between the two compounds. The combination is considered synergistic when the ΣFIC is ≤0.5, additive when >1.0 and < 1.0, indifferent when the ΣFIC is >1 to <2, and antagonistic when the ΣFIC is ≥2 (Orhan et al., 2005)
[bookmark: _Toc356530770]2.5 Preparation of CORMs and control compounds
[bookmark: _Toc356530771]2.5.1 Preparation of PhotoCORM solutions and its derivative compounds
The synthesis of PhotoCORM [Mn(CO)3 (tpa-k3N)]Br was performed by the Schatzschneider group at the University of Wuerzburg, Germany (Nagel et al., 2014). A stock of the PhotoCORM (typically 10 mM) was prepared dissolving in sterile distilled H2O and kept in the dark for up to 16 h at 4°C. Activated PhotoCORM was achieved by adding the PhotoCORM to appropriate samples (e.g. cell cultures, membranes, myoglobin or liposomes) and illuminated in situ. In all cases, samples were illuminated at 365 nm for 6 min with a UV lamp (UVITEC Cambridge) placed 3 cm above the samples. Pre-illuminated PhotoCORM was prepared by illuminating the PhotoCORM stock for 6 min prior to addition to samples. CO-depleted PhotoCORM was prepared by illuminating an aliquot (1 ml) of PhotoCORM solution (3 mM) for 30 min whilst stirring until all CO ligands were removed. Samples treated with the PhotoCORM but not exposed to UV light (referred to as PhotoCORM in the dark) were also used as controls.
[bookmark: _Toc356530772]2.5.2 Preparation of Mn solutions and Tpa control
Stock soltions of 10 mM MnSO4 and manganese(II) perchlorate (Mn(ClO4)2)  were prepared with sterile distilled H2O. Tris(2-pyridylmethyl)amine (Tpa) was kindly provided by the Schatzschneider group (Nagel et al., 2014). Stocks (10 mM) were made by dissolving in sterile distilled H2O. All solutions were prepared fresh on the day of use and filter-sterilised.
[bookmark: _Toc356530773]2.5.3 CO Saturated Solution
CO saturated solutions were prepared by bubbling the desired buffer or growth medium with CO gas through a gas cylinder (BOC, Guilford) in a 7 ml glass bijou bottle, fitted with a Suba-Seal and a gas escape needle acting as a vent. The solution was bubbled at room temperate for 30 min, prepared fresh on the day of the experiment and used within 30 min of preparation. This yields a stock solution of approximately 1 mM.
[bookmark: _Toc356530774]2.5.4 CORM-3
CORM-3 (tricarbonylchloro(glycinato)ruthenium(II)) was prepared as described before (Clark et al., 2003) and obtained from Professor Brian Mann. A Stock solutions (10 mM or 100 mM stock solutions waere) were made by dissolving the solids in sterile distilled H2O. Solutions were made fresh, just prior to use in experiments.
[bookmark: _Toc356530775]2.6 Biochemical Methods
[bookmark: _Toc356530776]2.6.1 Iron chelation assay 
Chrome Azurol S (CAS) assay solution was prepared as described in Section 2.3.4. Samples of the PhotoCORM (300 µM or 1.5 mM), the CO-depleted PhotoCORM (300 µM), DOX (9 or 96 µg/ml), tpa, Mn(ClO4)2, or CO gas (gently bubbled through the sample for 5 min) were added alone or in combination to either Tris-HCl buffer (50 mM, pH 7.4), or to a suspension of EC958 cells. Samples were kept in the dark or illuminated at 365 nm for 6 min. Samples containing bacteria (OD600 ~0.8) were then centrifuged (5000 rpm) and 500 µl supernatant was incubated at room temperature for 1 h with 500 µl CAS assay solution. A UV visible spectrum was then recorded (300–800 nm) using a Cary 50 spectrophotometer (Varian) and the absorbance at 630 nm was noted for each sample. 
[bookmark: _Toc356530777]2.6.2 Metal uptake analysis
Aerobic cultures of EC958 were grown until they reached mid – exponential phase (0.4 OD600). A 20 ml sample was taken prior to, and after treatment of cultures with either 50 μM or 150 μM PhotoCORM alone or in combination with the following antibiotics: CST (0.5 μg/ml); DOX (12.5 μg/ml); minocycline (MIN, 1 μg/ml) and oxytetracycline (OTC, 12.5 μg/ml).  The cells were incubated with the desired compounds and 20 ml samples taken at specified time periods, for up to 80 min. Samples were centrifuged at 5500 rpm at 4°C for 20 min. The supernatant was kept for analysis. The pellet was resuspended with 500 μl of 0.5% nitric acid and centrifuged at 13,000 rpm at 4°C for 5 min. This was step was repeated twice more and all washes were pooled together and kept for analysis. The cell supernantsupernatant, washes and cell pellets were sent for metal analysis (Mn and where specified, Fe) by inductively coupled plasma mass spectrometry (ICP-MS) at the Department of Chemistry in The University of Sheffield. There, the pellets were fully digested with 1 ml concentrated nitric acid (Aristar, 69% v/v) for 1 h and diluted up to 5 ml in 1% nitric acid. Analyses was performed using the Agilent 7500CE ICP-MS. Samples were analysed as previously described (Davidge et al., 2009) using literature values for single cell dry mass and volume (Neidhardt et al., 1990). Metal content was measured in pellets for intracellular levels and extracellular metal content was measured in supernatants and washes. 
[bookmark: _Toc356530778]2.6.3 Partition experiments: determining the lipophilicity of PhotoCORM 
A modified version of the shake –flask method was used in this study (Wang et al., 2014). The aqueous phase consisted of glucose defined minimal medium. For the organic phase, n-hexane was pre-saturated with medium by swirling and incubating the two together overnight. Then, the hexane layer was isolated and used as the organic phase. PhotoCORM was dissolved in medium (10 mM) and illuminated at 365 nm or kept in the dark. CO –depleted PhotoCORM was prepared as described in Section 2.5.1. An equal volume of medium and n-hexane containing activated PhotoCORM, CO-depleted PhotoCORM or PhotoCORM in the dark were mixed and left to shake overnight at 37°C. The two layers were then separated into different containers, the n-hexane was evaporated at room temperature and the evaporated volume replaced with aqueous solution (i.e. glucose defined minimal medium). The Mn content in both samples were analysed by ICP-MS.
[bookmark: _Toc356530779]2.6.4 Respiration studies
Respiration studies in a closed electrode system (Wilson et al., 2013) involved taking a 2 ml sample of purified membranes (see Section 2.4.6) resuspended in Tris-HCl buffer (50 mM, pH 7.4) and placing it in a 7 ml vial. The sample was then illuminated in the presence or absence of the PhotoCORM (200 μM) in order to activate the PhotoCORM or to serve as a UV only control. The sample was then immediately transferred into the O2 electrode chamber and respiration was measured. Several controls were performed including samples treated with CO saturated solution, PhotoCORM in the dark, CO-depleted PhotoCORM and pre-illuminated PhotoCORM, all to a final concentration of 200 μM.
Respiration studies using an open electrode system utilized the same chamber as the closed system, but without the sealing cap (Degn et al., 1980). Here, a 2 ml sample of purified membranes resuspended in buffer was added to the open chamber, allowed to reach steady state and NADH (2.5 mM) added to promote respiration. Once steady state was reached, three consecutive additions of Pre-illuminated PhotoCORM, CO-saturated solution or PhotoCORM in the dark (each addition amounting to 200 μM) were added to the chamber. Data were recorded using DataTrax2 software (World Precision Inc.) and rates of respiration were calculated for all conditions.
[bookmark: _Toc356530780]2.6.5 Liposome leakage assays
Liposomes were prepared as previously described and purchased from Avanti Polar Lipids (Hashizaki et al., 2006). Briefly, liposomes consisting of only (1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (DOPG) or of DOPG in combination with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) in the ratio DOPE:DOPG (7:3 mol parts) and containing 50 mM 5(6)-carboxyfluorescein (Thermo Fisher) were prepared by extrusion through 0.2 μm polycarbonate filters (Merck Millipore). Excess dye was removed by filtration through a Sephadex G-25 column using 10 mM HEPES pH 7.4 as the eluting buffer. To measure the rate of 5(6)-carboxyfluorescein leakage, the liposomes were diluted (1/6000) in 10 mM HEPES buffer, pH 7.4. The fluorescence emission at 517 nm (excitation at 495 nm) was monitored with a Cary Eclipse fluorescence spectrophotometer (Varian, Agilent Technologies) prior to and following the addition of the PhotoCORM (50 µM). The sample was then exposed to UV (365 nm, 6 min) and fluorescence monitoring was resumed. CST (30 µM) was used as a positive control and total leakage was determined by the addition of Triton X-100 (0.01%) (Sigma).
[bookmark: _Toc356530781]2.6.6 Endogenous production of ROS
A similar method of measuring endogenous ROS has been previously described (Tavares et al., 2011). E. coli EC958 cultures were grown in glucose defined minimal media until an OD600 of 0.4 was reached.  The cells were then exposed to activated PhotoCORM (250 μM), PhotoCORM in the dark (250 μM) or H2O2 (3 mM) and incubated for 1 h. Cells were then harvested and pellets washed and resuspended in PBS. The probe 2′,7′-dichlorofluorescein diacetate (Sigma), final concentration of 10 μM was added to cell samples and the fluorescent intensities were taken at several time points with a Hitachi F-2500 fluorescence spectrophotometer. The excitation and emission wavelengths were 485 nm and 538 nm respectively. 
[bookmark: _Toc356530782]2.6.7 Outer membrane permeability assays

The ability of the PhotoCORM to permeabilise outer membranes of E. coli EC958 cells was determined using 1-N-phenylnaphthylamine (NPN) (Loh et al., 1984, Ibrahim et al., 2000). Cultures were grown to exponential phase, harvested and resuspended in PBS to a final OD600 of 0.5. The cell suspensions were then incubated with NPN (1 μM) before addition of various concentrations of activated PhotoCORM with or without CST (0.25 μg/ml). Fluorescence was measured using a Hitachi F-2500 fluorescence spectrophotometer, with excitation and emission wavelengths of 340 nm and 420 nm respectively.
[bookmark: _Toc356530783]2.6.8 Hydroxyl radical production assays
The assays were performed without the presence of cells, in glucose minimal media. The fluorescent probe hydroxyphenyl fluorescein (HPF) was used at a final concentration of 5 μM to detect production of hydroxyl radicals in the presence of the PhotoCORM and its control compounds (10 μM) with or without H2O2 (5 mM). Where specified, EDTA (5 mM) , thiourea (3 mM) or ferrous perchlorate (100 μM) were also added. Fluorescence intensity was measured using an F-2500 fluorescence spectrophotometer (Hitachi). The excitation and emission wavelengths were 490 nm and 515 nm respectively.
[bookmark: _Toc356530784]2.6.9 Membrane potential assays 
The cytoplasmic membrane depolarization activity of the PhotoCORM on E. coli EC958 cultures was determined as described before using the membrane potential-sensitive fluorescent dye 3,3'-dipropylthiadicarbocyanine iodide (diSC3(5)) (Lv et al., 2014). Cells were grown to mid-exponential phase, washed with HEPES buffer (5 mM), pH 7.4 containing 10 mM glucose. The OD600 of cells was normalised to 0.05 using the same buffer. The diSC3(5) dye was added to cells at a final concentration of 0.4 µM, incubated for 1 h until the reduction of fluorescence was stabilized upon which 0.1 M KCl was added. The suspension was transferred into a 1 cm quartz cuvette, and various concentrations of the PhotoCORM were added. Changes in fluorescence intensities were measured using a Hitachi F-2500 fluorescence spectrophotometer. CST (3 μM) was used as a positive control to determine total cytoplasmic membrane depolarization as measured. The excitation and emission wavelengths were 622 nm and 670 nm respectively. 
[bookmark: _Toc356530785]2.7 Spectroscopic studies
[bookmark: _Toc356530786]2.7.1 Myoglobin assays

CO release from the PhotoCORM and its derivative compounds to ferrous myoglobin (Mb) in vitro was assayed as described before (Clark et al., 2003). A stock solution of Mb (typically 200 μM) was prepared by dissolving in PBS, pH 7.4 and diluted to a working solution of 12 μM. The Mb was reduced with a few grains of dithionite before transferring 2 ml of the sample into a 3 ml quartz cuvette. A scan of the reduced Mb was taken as baseline and then bubbled with CO gas for 3 min or treated with varying concentrations of the activated PhotoCORM, PhotoCORM kept in the dark, pre-illuminated PhotoCORM or CO-depleted PhotoCORM. The final concentration of PhotoCORM was at least 3 times less than that of Mb to allow the loss of 3 moles of CO per mole of the PhotoCORM. A CO difference spectrum (CO-reduced Mb minus dithionite-reduced Mb) was obtained in each case in the Olis RSM 1000 Rapid Scanning Spectrophotometer. 
[bookmark: _Toc356530787]2.7.2Haemoglobin assays
The haemoglobin assay is an alternative method of measuring CO release from CORMs in vitro without the presence of the reducing agent dithionite. The assay has been described previously (McLean et al., 2012). Haemoglobin (Sigma, grade P90%) was dissolved 0.1 M PBS (pH 7.4) and reduced by adding a few grains of dithionite. The dithionite removed by passing the solution down a PD MiniTrap G-25 column (GE Healthcare). This gave reduced haemoglobin, i.e. in its oxyferrous state and used as a stock solution. The reduced haemoglobin was added to a quartz cuvette containing either (a) Evans medium, (b) Circlegrow® rich medium, (c) PBS or (d) LB medium. The concentration of reduced haemoglobin in the sample was measured spectrophotometrically using the known extinction coefficient of haemoglobin (133 mm cm-1 at 430 nm). The final concentration of haemoglobin used was 10 μM and CORM-3 (6 μM) was added to the cuvette. Samples bubbled with CO gas were used as positive controls. CO difference spectra (CO reduced haemoglobin minus reduced haemoglobin) were recorded using the Cary 50 spectrophotometer. 
[bookmark: _Toc356530788]2.7.3 CO released from PhotoCORM binding to intracellular globin Ctb

Escherichia coli cultures overproducing Ctb were grown as descibed in section 2.4.5. Wild type E. coli MG1655 cultures were also grown in 200 ml LB broth, shaking at 200 rpm at 37°C until OD600nm of ~0.5 had been reached. Both strains cells were pelleted by centrifugation at 5,500 rpm for 20 min. Each pellet was resuspended in 20 ml Tris-HCl (50mM), pH 7.4. The OD600 of each bacterial strain was normalized to be around 12. Samples were then transferred to a cuvette of 10 mm path length and spectra recorded in a Johnson Foundation SDB4 dual-wavelength spectrophotometer at room temperature (Kalnenieks et al., 1998). The spectrophotometer was set to scan samples from 400 to 700 nm in 0.5 nm increments.

In order to ensure complete reduction of the Ctb globin in cells to allow for CO binding, a sample of wild type E. coli MG1655 was set up in a cuvette as follows: 1.5 ml cells, 0.47 ml Tris-HCl buffer and 30 μl glucose (1 M stock). A spectrum of this was taken and set as baseline. Then, the same set up, but with E. coli cells overproducing Ctb was prepared and scanned with the previous sample as a baseline. This was used to produce an absolute spectrum of reduced Ctb. The cells were incubated with glucose until complete reduction of Ctb was reached (i.e. absence of the double peaks in the αβ region). Once this was achieved, the sample with reduced Ctb was set as baseline and then treated with various concentrations of activated PhotoCORM or bubbled with CO gas for 2 min as a positive control. This gave a CO difference spectrum (i.e. CO reduced Ctb minus reduced Ctb), which were plotted, and the A at the Soret region (422 nm vs. 447 nm) was used to determine CO release rates.
[bookmark: _Toc356530789]2.7.4 Binding of PhotoCORM-derived CO to terminal oxidases in EC958 cells

An EC958 starter culture was split into two to inoculate 2X 2 L baffled flasks, each containing 600 ml LB. Cells were grown at 37°C with shaking at 200 rpm until they reached mid-exponential phase at which point they were harvested, washed and the pellets pooled together in PBS to give an approximate OD600 of 55.  Samples were placed in a cuvette of 10 mM path length and spectra recorded in a Johnson Foundation SDB4 dual-wavelength spectrophotometer at room temperature (Kalnenieks et al., 1998). CO difference spectra were taken of cells reduced by dithionite and incubated with activated PhotoCORM (100 μM) minus reduced cells alone. 
[bookmark: _Toc356530790]2.7.5 Whole cell spectroscopy of CORM-3 derived CO binding to terminal oxidases in Salmonella cultures
The difference spectra (CO reduced minus reduced) were measured using two separate dual-wavelength spectrophotometers. Scans were taken by the Olis RSM 1000 dual-beam rapid scanning monochromator in CLARiTY mode (Online Instrument Systems). They were also taken using an SDB dual-wavelength spectrophotometer (Johnson Foundation) (Kalnenieks et al., 1998).

In the initial experiments, S. Typhimurium cells were grown in 2 X 600 ml LB placed in 2 L baffled flasks until an OD600 of 0.6 was reached. The cultures were harvested and resuspended in LB to give a final OD600 of ~50. The harvested cells were either used as is, or diluted further to give a range of OD600 (from OD600 of ~ 50 to ~ 5). Cells were reduced using grains of dithionite. CORM-3 (100 μM) was added to harvested cells and the difference spectra (CO reduced minus reduced) were recorded. CO binding to terminal oxidases was also recorded for actively growing Salmonella cultures without the need to harvest or concentrate further. Here, S. Typhimurium cells were grown in 250 ml flasks containing 40 ml Circlegrow super-rich medium to provide sustained slow release of the carbon source enabling high growth yields. Once cells reached OD600 of ~5, they were reduced with grains or dithionite or incubation with glucose (20 mM). CORM-3 (100 μM) was added and CO difference spectra recorded as above.
[bookmark: _Toc356530791]2.8 Molecular Biology techniques
[bookmark: _Toc356530792]2.8.1 Agarose Gel Electrophoresis

A 2% agarose gel was prepared by mixing agarose powder (2 g) in 1 X TAE buffer (100 ml) and dissolved through heating. To 50 ml agarose was added 4 μl ethidium bromide, the mixture gently swirled and poured into a gel tray. DNA samples were loaded and HyperLadder IV (BIOLINE) was typically used as the DNA ladder. The tray was then submerged in a gel tank containing 1X TAE buffer and run for ~1 h at 100 V until DNA fragments were sufficiently resolved. Gels were visualized using the GeneGenius GelImaging System (Syngene).
[bookmark: _Toc356530793]2.8.2 RNA stabilization and isolation
EC958 culture samples were prepared as described in Section 2.4.7. The 5 ml culture samples were mixed with 10 ml RNAprotect bacterial reagent (Qiagen) immediately, vortexed for 5 s and incubated at room temperature for 5 min. The samples were then centrifuged at 5000 g for 10 min and pellets stored at -80°C. RNA was isolated from pellets using the RNeasy mini kit (Qiagen) following the manufacturer’s instructions. TE buffer was supplemented with 10 mg/ml lysozyme to enhance cell lysis. The isolated RNA samples were stored at -80°C.
[bookmark: _Toc356530794]2.8.3 Determination of RNA concentration 

The RNA concentrations in samples were measured by a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific). The absorbance at 260 nm of samples was measured and RNA concentration was determined on the assumption that A260 measurement of 1 corresponded to 40 μg/ ml of RNA. A ratio of the absorbancesabsorbance at 260 nm and 280 nm was determined and RNA was deemed to be pure of ratios above ~1.8. The RNA integrity was checked by running samples on a 1.25% agarose gel to confirm the presence of two bands,,, which correspond to the 16 S and 23S rRNA.
[bookmark: _Toc356530795]2.8.4 Genomic DNA extraction

Genomic DNA from EC958 cells was extracted using the Qiagen’sQiagen DNeasy Blood and Tissue kit as per the manufacturer’s instructions. The absorbance at 260 nm was measured using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific) and this was used to calculate DNA concentrations. 
[bookmark: _Toc356530796]2.8.5 Primer design and preparation for RT-PCR

Primers for desired genes were designed using the Primer 3 website. The optimum primer size was 20 – 24 bp and the product size was 50 – 150 bp. The melting temperatures of primers were between 57-63°C with GC contents of 20-80%. Primer pairs were chosen for their similar melting temperatures, GC contents and checked for lack of self-complementarity. Primers were ordered from Sigma-Aldrich and solubilized in super-pure H2O to make up final concentrations of 500 μM. Table 2.1 lists all the primers used for RT-PCR experiment. 


[bookmark: _Toc356531213]Table 2.1 List of primers used in RT-PCR experiments	Comment by Robert Poole: Don’t split the Table over two pages

	
	Gene
	Function
	Primers

	1.
	gyrA
	DNA gyrase
	F 5’ GGTACACCGTCGCGTACTTT 3’
R 5’ TACCGATTACGTCACCAACG 3’

	2.
	katG
	Catalase
	F 5’ CCATAACACCACAGCCACTG 3’
R 5’ AGTTGATTTGGCCACCAGTC 3’

	3. 
	ahpC 
	Alkyl hydroperoxidase reductase
	F 5’ GAAATCACCGAAAAAGATACCG 3’
R 5’ CAGTTCTTCGTAATGGTCAGCA 3’

	4.
	recA
	DNA repair
	F 5’ TCTACCGGTTCGCTTTCACT 3’
R 5’ CGTGGTTTTACCGGAAGATT 3’

	5.
	tetA
	Tetracycline resistance
	F 5’ CAGACGTGAAACCCAACAGAC 3’
R 5’ ACGTCGTTCGAGTGAACCAG 3’

	6.
	spy
	Cell envelope stress 
response
	F 5’ CTGCACTGTTTGTTGCCTCTAC 3’
R 5’ AACTTGCCTTTGTGGTGCAT 3’

	7. 
	chuA
	Haem uptake
	F 5’ CAATTTACTTCGTTGCGTTTGA 3’
R 5’ CGTAACGGTCATGGTTTCAGTA 3’

	8.
	entE
	Iron acquisition
	F 5’ AAGAGTTTGCCCGTCGCTAT 3’
R 5’ AGTCAGAATGTCGGTCAGTGG 3’

	9.
	mntH
	Manganese transport
	F 5’ AACTATCGCGTTGAGAGTAGCA 3’
R 5’ CAATCCCTAGTTTGGCAGAGAG 3’

	10.
	sodA
	Superoxide dismutase
	F 5’ TGAGCTATACCCTGCCATCC 3’
R 5’ TCTGATGGTGTTTGGTGTGG 3’





[bookmark: _Toc356530797]2.8.6 Verification of primer pairs
PCR was performed using the EC958 genomic DNA (See Section 2.8.4) to determine whether the designed primer pairs were able to amplify selected genes. The reaction mixture comprised of 2 μl genomic DNA, 0.1 μl forward and reverse primers, 25 μl DreamTaq Green Master Mix (ThermoFisher) and 22.8 μl nuclease-free water.  The following set up was used for the PCR:
95 °C         5 min            1 cycle
95 °C         30 s25 cycles

62 °C         2 min
72 °C         2 min
72 °C         8 min            1 cycle

Once the PCR was complete, products were run on a 2% agarose gel (See Section 2.8.1). Primer pairs that gave rise to a single band of the correct product size were chosen for use in RT-PCR experiments.
[bookmark: _Toc356530798]2.8.7 Real Time PCR
All samples were placed in a 96-well polypropylene reaction plate (Agilent). Serial dilutions of genomic DNA (20 ng/μl to 0.0325 ng/μl) were made in 2-fold decrements and 5 μl of each DNA concentration was placed in the 96-well plate. The serial dilutions of DNA were used to correct for differences in primer amplification efficiencies. Total RNA of each sample condition was quantified (See Section 2.8.3) and RNA stocks containing 20 ng/μl were made for each sample. Then, 5 μl aliquots were taken out of the stocks and placed into separate wells in a 96-well plate.  A reagent mixture was made per sample containing 2 X Brilliant III SYBR Green qRT-PCR MasterMix (Sigma) (10 μl), forward and reverse primers (1.25 μl each), 100 mM DTT (0.2 μl), RT/RNase block (1 μl) and nuclease free water (1.3 μl). The mixture was mixed and 15 μl added to each well containing either RNA or DNA as mentioned before. The 96-well plate was placed in an Mx3005P Thermocycler (Agilent Technologies and RT-PCR performed with the settings detailed below:


50 °C         10 min            1 cycle

95 °C         3 min
95 °C         15 s40 cycles

60 °C         20 s
95 °C         1 min    1 cycle

55 °C         30 s
95 °C         30 s           
        
  The Mx3005P RT-PCR system was used to measure gene expression via quantification of cDNA, which was converted from the initial mRNA template. The expression of individual genes of interest relative to the housekeeping gene gyrA was then compared with untreated cells (n = 3 ± S.D). The fold-changes in gene expression were reported. 


[bookmark: _Toc356530799]Chapter 3 - Antimicrobial effects of the manganese-based photoactivated carbon monoxide-releasing molecule [Mn(CO)3(tpa-κ3N)]+ against a multidrug resistant uropathogenic Escherichia coli.
[bookmark: _Toc356530800]3.1. Introduction
Uropathogenic Escherichia coli (i.e. UPEC) is responsible for approximately 80% of urinary tract infections in the world, and an estimated 150 million cases of UTI are reported globally every year (Wright et al., 2007). Recently, a multidrug-resistant UPEC clone belonging to serotype O25b:H4 and sequence type E. coli ST131 has emerged as a major cause of urinary tract and bloodstream infections both in the community and in hospital settings. Reports of global distribution show that it poses a major public health threat (Justice et al., 2004). Escherichia coli ST131 are also key players in the ‘CTX-M pandemic’. This phrase is used to describe a recent increase globally in UPECs that produce CTX-M (‘active on CefoTaXime, first isolated in Munich’) type extended spectrum β-lactamases (ESBLs) (Canton & Coque, 2006). ESBLs are typically plasmid mediated β-lactamases ((Paterson & Bonomo, 2005) and currently, of the many CTX-M enzymes, CTX-M-15 is the most prevalent (Canton et al., 2012). They mediate resistance to monobactams and oxyimino-cephalosporins but not cephamycins. In addition, E. coli ST131 is often also resistant to non-β-lactams, such as aminoglycosides and fluoroquinolones, which therefore significantly limits treatment options (Hannan et al., 2012; Wright et al., 2007).
The work in this study focuses on a representative clinical isolate of E. coli ST131, known as E. coli EC958, isolated from a hospital in the United Kingdom (Totsika et al., 2011). It produces a CTX-M-15 ESBL, CMY-23 type AmpC cephalosporinase and is resistant to ciprofloxacin. Comparative genome analysis indicates that EC958 contains a number of putative virulence factors including a variety of siderophore receptors, auto-transporters and adhesins.  Due to the increasing prevalence of E. coli ST131 and the problems associated with multi-drug resistance, there is an urgent need for novel antimicrobials to combat infections caused by these multi-resistant ESBL-producing UPECs.
Along with H2S and NO, CO is now considered the third biological signaling molecule (reviewed by (Davidge et al., 2009a)). It is endogenously generated in the human body at 0.5 ml h-1, reaching low micromolar tissue concentrations, by the enzymatic degradation of haem by haem oxygenases (Abraham & Kappas, 2008; Morimoto et al., 2001; Ryter et al., 2006). Its tissue-protective, anti-inflammatory and vasodilatory roles are of increasing interest in medicine for its therapeutic applications (Motterlini & Otterbein, 2010; Zobi, 2013). CO gas, either HO-1 derived or exogenously provided, increases phagocytosis and has been shown to rescue mice from sepsis-induced lethality (Chung et al., 2008; Otterbein et al., 2005), highlighting the potential antibacterial effects of this gas. Delivery of CO gas to the human body is not without risk and although devices for CO delivery to patients via inhalation exist, there are issues of accidental leakage and issues with the lack of target specificity as the CO distributes globally in the body according to respective partition ratios (Motterlini & Otterbein, 2010; Romao et al., 2012).   The purpose for the development of carbon monoxide-releasing molecules (CORMs) was to achieve easy-to-handle storage and a carrier to deliver CO to biological systems (Motterlini et al., 2002b).  The majority of CORMs are metal carbonyl complexes and have different trigger mechanisms for the release of CO from the metal coordination sphere.  These include ligand exchange with solvent, CORM reduction or oxidation, changes in pH, the presence of haem proteins with high affinity for CO, enzyme-triggered CO release and CO release upon illumination (reviewed by (Davidge et al., 2009a; Romanski et al., 2011; Schatzschneider, 2011). 
The most widely studied CORMs are ruthenium-based, especially [RuCl(glycinate)(CO)3], i.e. CORM-3, and its precursor CORM-2 (Clark et al., 2003; McLean et al., 2013; Sawle et al., 2005). They have been shown to be toxic to a number of Gram-negative and -positive bacteria (Davidge et al., 2009b; Desmard et al., 2009; Nobre et al., 2007; Tavares et al., 2013) but there is limited understanding of their mechanism of toxicity. Transcriptomic studies have revealed that diverse biological processes are affected in response to treatment with CORM-3, and is not just related to respiratory function; bacteria also respond to CO-depleted control molecules, also known as iCORM at the level of gene expression (McLean et al., 2013).
It has to be noted that iCORM is poorly defined and this in itself hinders our understanding of CORM-2 and CORM-3 toxicity. Interestingly, studies have shown that Ru-based CORMs are generally more toxic to bacteria than CO gas itself (Wilson et al., 2013) and finally, despite haem being the classical target of CO, CORM-3 has potent antibacterial effect against haem-deficient bacteria and results in multifaceted gene response patterns in hemA deficient E. coli (Wilson et al., 2015). 
In light of the promising antibacterial effects of CORMs, as well as the growing evidence for the key role of the metal, especially for Ru-based CORMs, in their toxicity to bacteria (McLean et al., 2013; Tavares et al., 2013; Wilson et al., 2015), we used a novel CORM that does not contain Ru, and is instead manganese-based. [Mn(CO)3(tpa-κ3N)]Br is water-soluble, photoactivated CORM (PhotoCORM) and is stable in solution when kept in the dark with CO being released upon illumination at 365 nm (Nagel et al., 2014). The term ‘PhotoCORM’ is used to describe a CORM that releases CO only when illuminated with a specific wavelength of light (Rimmer et al., 2010; Schatzschneider, 2011). This allows for increased spatial and temporal control of CO release from the CORM and has potential for the PhotoCORM to accumulate in target tissues or cells before the release of CO is triggered. The use of light as an external trigger for the control and modification of drugs is not without precedent. Its ability to offer high spatiotemporal resolution, low risk of contamination of samples, and its fairly non-invasive nature has meant that many examples can be found in the literature (Farrer et al., 2009; Simone & Cengel, 2014; Velema et al., 2013). For example, a broad-spectrum antibiotic, based on quinolone, which can be activated with UV light at 365 nm and then inactivated by visible light, has been reported (Velema et al., 2013). Examples of utilizing light to generate singlet oxygen with the aim of destroying malignant cells (Simone & Cengel, 2014), and the use of photoactivated pro-drugs in cancer treatment can also be found (Farrer et al., 2009).
[Mn(CO)3(tpa-κ3N)]Br was first synthesized in 2014 by Nagel et al. and prior to the work that will be described in this chapter, only one study was performed to determine its antibacterial activities (Nagel et al., 2014). Antimicrobial activity was demonstrated against E. coli K-12 when cultures were treated with the PhotoCORM and illuminated at 365 nm. Interestingly, no toxicity was observed when PhotoCORM was added to cultures and kept in the dark. The photoactivation of [Mn(CO)3(tpa-κ3N)]Br led to the formation of spectral signatures of CO-bound haems in the terminal oxidases of E. coli whole cells and more pronounced growth inhibition was observed when cultures were grown in the presence of succinate, a non-fermentable carbon source. Together, these results led the authors to suggest that the mechanism of toxicity by PhotoCORM was due to the released CO inhibiting respiration rather than the metal-coordinated backbone. 
In this study, we demonstrate for the first time the action of [Mn(CO)3(tpa-κ3N)]Br against E. coli EC958, a multi-drug resistant uropathogen. Using light as an external trigger for CO release allowed us to comprehensively assess the effects of the PhotoCORM with CO still bound, as well as its derivative molecules upon illumination. Myoglobin assays were used to detect CO release from the PhotoCORM, enabling us to prepare CO-depleted control molecules. The effect of the CO released from PhotoCORM on respiration was studied and compared to effects elicited by control compounds. We investigated whether EC958 cells could take up the PhotoCORM by conducting metal uptake analysis using ICP-MS. We not only explored whether CO from activated PhotoCORM reached terminal oxidases in the membranes but also asked whether it gained cytoplasmic access with the use of dual-wavelength spectroscopy. We also report changes in gene expression implicated in membrane integrity, respiration, oxidative stress and metal transport. Finally, we show that the activity of PhotoCORM is enhanced by H2O2 and surprisingly, also by many antioxidants and report formation of hydroxyl radicals as a reason for enhanced toxicity. 
[bookmark: _Toc356530801]3.2. Results
[bookmark: _Toc356530802]3.2.1. Determination of the optimum illumination time for activation of the PhotoCORM in cultures of E. coli EC958.
The antimicrobial effect of [Mn(CO)3(tpa-κ3N)]Br on E. coli K12 has been reported to be dependent on the illumination of the compound at 365 nm (Nagel et al., 2014). However, due to UV light itself having antimicrobial effects (Hijnen et al., 2006), we first determined the optimum activation time needed to produce inhibitory effects in EC958 cultures due to the activation of the compound and not the damage caused by UV exposure to bacterial cells.  Cultures containing PhotoCORM (200 μM) were exposed to UV light for increasing periods of time (3, 6 and 10 min) and the growth followed for up to 24 h. Even though during the early stages of growth, a correlation between illumination time and inhibition of the growth was observed, after 24h, the growth of all cultures containing activated PhotoCORM were similarly affected (Fig. 3.1 A). In contrast, when cultures were illuminated with UV light in the absence of PhotoCORM, or when cultures containing the PhotoCORM were kept in the dark, no inhibitory effects were observed (Fig. 3.1 B). These findings strongly suggest that the inhibition of the growth depends on the activation of the PhotoCORM and not due to exposure to UV light. As variations in the illumination time produced only marginal differences in the presence of PhotoCORM, further tests were performed exposing the samples to UV for 6 min.
[bookmark: _Toc356530803]5.2.2. Myoglobin assays: analysis of the CO-releasing properties of [Mn(CO)3(tpa-κ3N)]Br and its derivative control compounds
CO release from PhotoCORM and its transfer to haem proteins was studied by performing myoglobin (Mb) assays (Clark et al., 2003; McLean et al., 2013; Nagel et al., 2014). In all cases, CO difference spectra (reduced Mb plus CO minus reduced Mb) were recorded using the Olis RSM1000 dual-beam rapid scanning monochromator. Solutions of dithionite-reduced Mb (12 μM) were prepared and increasing concentrations of the PhotoCORM (2, 4 and 10 μM) were added, with illumination at 365 nm for 6 min (Fig. 3.2 A). As a control, a sample of reduced myoglobin was bubbled with CO gas to give 100% CO-bound Mb. The CO difference spectra were then plotted. Addition of 2 and 4 μM PhotoCORM gave rise to ~4 and 7.2 μM CO-bound Mb respectively, suggesting that, per mole of PhotoCORM, approximately two of the three COs are transferred to Mb (Nagel et al., 2014). When 10 μM PhotoCORM was added, the CO released saturated the Mb, producing 100% CO-bound Mb, similar to bubbling Mb with CO gas (Fig. 3.2 A). 
Since it has been previously shown that dithionite triggers the release of CO from other
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Fig. 3.1: Optimisation of illumination times of EC958 cultures treated with PhotoCORM. EC958 cells were grown in glucose defined minimal medium at 37°C, shaking at 200 rpm. (A) Shows cultures treated with PhotoCORM (200 μM) and illuminated at 365 min for 3 (), 6 (▲) or 10 (▼) and untreated culture (●). (B) Shows cultures treated with PhotoCORM (200 μM) kept in the dark (); illuminated at 365 nm for 10 min in the absence of PhotoCORM (▼); or untreated cells (●). All compounds were added at the start of each experiment, t = 0. Bars represent standard deviation of three biological repeats. 
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Fig. 3.2: Myoglobin assays for detection and quantification of CO release from PhotoCORM. A 12 μM solution of myoglobin (Mb) was reduced with dithionite. (A) Shows CO difference spectra (PhotoCORM/CO reduced Mb minus reduced Mb) obtained when increasing concentrations of PhotoCORM (2 –10 μM) were added to reduced Mb and illuminated at 365 nm for 6 min. Positive control was reduced Mb bubbled with CO gas for 2 min. (B) shows stocks of PhotoCORM (1 mM) illuminated for various time points (6 – 40 min) whilst stirring prior to addition to reduced Mb. The resulting difference spectra were recorded. (C) Shows CO difference spectra obtained when pre-illuminated PhotoCORM (4 μM) was added to reduced Mb and the sample illuminated at 365 nm for 6 min in situ. Also shown are spectra of reduced Mb treated with PhotoCORM kept in the dark (4 μM) compared to the same sample illuminated with reduced Mb at 365 nm for 6 min. Concentrations of CO-bound Mb (μM) are shown by numbers with arrows pointing to corresponding spectra. Plots are representative of three independent experiments.

 CORMS such as CORM-3 (McLean et al., 2012), we tested the effect of the reducing agent on PhotoCORM. When PhotoCORM (4 μM) was added to reduced Mb and kept in the dark for 40 min, no CO-bound Mb was formed (Fig. 3.2 C). This was evident from the lack of spectral changes both in the Soret region (peak= 422 nm, trough= 438 nm) and in the -band region (peak = 542 nm and trough = 562 nm). Spectral changes characteristic of CO-bound Mb formed only upon illumination for 6 min (Fig. 3.2 C). These results demonstrate that sodium dithionite does not itself cause CO release from the PhotoCORM and the use of myoglobin assay for detection and quantification of CO is suitable for this PhotoCORM. 
Interestingly, illuminating a PhotoCORM stock solution (3 mM) for 6 min separately, and then adding it to reduced Mb (4 μM PhotoCORM and 12 μM Mb) produced only a very small amount of CO-Mb (~0.16 μM), i.e. 1.3% of the total Mb content (Fig. 3.2 B, C). When the same sample was subsequently illuminated in the presence of reduced Mb, 7.23 μM CO-Mb was produced, corresponding to just over 1 mole of CO per mole of PhotoCORM. These results suggest that in the absence of a haem target, some of the CO released from the PhotoCORM upon illumination is lost to the atmosphere and the rest is able to bind back to the metal complex. 
In an attempt to completely release the CO ligands from the PhotoCORM and produce a CO-depleted molecule to use as a control, a PhotoCORM stock solution (3 mM) was exposed to UV light in increments for up to 40 min, with continuous stirring prior to addition into reduced Mb.  Fig. 4.2 B shows that after constant illumination and stirring for 30 or 40 min, no spectral characteristics of CO-bound Mb were seen. 
Further illumination of the CO-depleted PhotoCORM in the presence of reduced Mb did not lead to the formation of Mb-CO, therefore indicating that all three carbonyl ligands had been released from the metal complex. The controls used in further experiments were as follows: PhotoCORM kept in the dark; pre-illuminated PhotoCORM i.e. PhotoCORM pre-exposed to UV light for 6 min before addition to target; and finally, the CO-depleted PhotoCORM.
[bookmark: _Toc356530804]3.2.3. The PhotoCORM undergoes successive changes with increasing illumination times.
Fig. 3.3 shows a reaction scheme of the photolysis reaction of the PhotoCORM and summarises results obtained from the myoglobin assays, visual changes observed, together with the work of Nagel et al, who describe structural changes of PhotoCORM upon illumination.   The starting compound, in the absence of UV illumination, is [Mn(CO)3(N)3]+ indicating the presence of an Mn(I) centre, with three carbon-coordinated carbonyl ligands and three nitrogen ligands from the Tris(pyridylmethyl)amine (Tpa) ligand. After illumination for 6 min, 1-2 carbonyl ligands are released, giving rise to a bright yellow compound [Mn(CO)2(N)4]+, with 


[image: ]

[bookmark: _Toc356531059][bookmark: _Toc356532081]Fig. 3.3: PhotoCORM undergoes successive changes upon illumination.

the tpa ligand now bound to four nitrogen atoms in contrast to the starting compound where one of the four nitrogen atoms exists as a non-bound “dangling” arm. With continued exposure to UV, the remaining carbonyl ligands will subsequently be lost. Since the tpa has no more free “arms” available to coordinate, their place will be taken by water molecules or other coordinating species from the medium. These species could then be assigned as  [Mn(CO)(H2O)(N)4]+ and [Mn(H2O)2(N)4]+. However, since the low-valent Mn (I) oxidation state is only stabilized in water in the presence of the carbonyl ligands, it will most likely become oxidised to form Mn(II), giving rise to a colourless solution. Further oxidation can also take place, giving rise to Mn(III) or even Mn (IV), which leads to the formation of a light brown colour at the end of photolysis. At this point, the manganese centre can get extremely reactive and may form ROS  or cause cell toxicity (see later).
[bookmark: _Toc356530805]3.2.4. Respiration of EC958 membranes is inhibited by the activated PhotoCORM
CO is able to exert toxic effects by binding to ferrous haems in cytochromes and globins, therefore inhibiting respiration (Keilin, 1966).  Although inhibition of respiration is proposed to be one of the main mechanisms of toxicity by CORMs, there is now increasing evidence that interaction of cells with the metal centres, especially in the case of Ru-based CORMs, is involved in the antibacterial activity of CORMS (reviewed by (Wareham et al., 2015)). In order to study the effects of the PhotoCORM and its derivative compounds, polarographic measurements of O2 consumption were performed in suspensions of purified membranes of EC958, resuspended in buffer Tris-HCl 50 mM, pH 7.4. PhotoCORM (200 μM) was added to membrane suspensions, illuminated for 6 min before transferring the sample to a closed oxygen electrode chamber where respiration was promoted by the addition of NADH (6.25 mM). Due to respiration rates not being linear, they were calculated at two different oxygen tensions, 50% and 15% air saturation levels (Fig. 3.4 A). Comparison of the respiration rates of non-treated membranes (control) and membranes treated with the PhotoCORM and illuminated showed that the activated PhotoCORM-treated samples showed a significant decrease in the respiratory capacity at 50% O2, where respiration was inhibited by 80 %, and even more so at 15% O2 tension, where respiration was inhibited by a drastic 95% (Fig. 3.4 B). 
Interestingly, pre-illuminated PhotoCORM led to the inhibition of respiration (40% and 60% inhibition at 50% and 15% oxygen tension respectively), although to a lesser extent than the activated PhotoCORM (Fig. 3.4 B). The lower rate of inhibition of respiration may be explained by the results from the myoglobin assays which showed that some of the CO is lost to the atmosphere when PhotoCORM is illuminated without a target, and that approximately 1 CO per mole of the PhotoCORM binds back to the metal complex (Fig. 3.2). This remaining carbonyl ligand may cause inhibition of respiration in membrane suspensions, understandably to 
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Fig. 3.4: Activated PhotoCORM inhibits respiration of EC958 purified membranes and releases CO to oxidases. Purified EC958 membrane suspensions were prepared by resuspending in Tris-HCl buffer (50 mM, pH 7.4). (A) Shows representative O2 electrode traces of O2 consumption in a closed chamber after adding NADH (arrows) to untreated membranes (control) or upon addition of 200 μM activated PhotoCORM (PhotoCORM,UV).  Dashed lines show 50 and 15% air saturation at which respiration rates were calculated. (B) Shows respiration rates quantified at 15 and 50% air saturation from untreated and activated PhotoCORM treated samples [as in (A)], as well as samples treated with pre-illuminated PhotoCORM, CO-depleted PhotoCORM or PhotoCORM kept in the dark. CO gas controls were membranes treated with CO-saturated solution. Final concentrations of CO or PhotoCORM were 200 μM. Negative control was membranes treated with equivalent volumes of H2O followed by illumination at 365 nm for 6 min. Bars are standard deviation of three repeats (* P < 0.0005; **P < 0.0001 compared to untreated controls). (C) Shows CO difference spectra (PhotoCORM / CO reduced cells minus reduced cells). Exponential phase EC958 cells were harvested and resuspended in PBS (OD600 ~ 50), reduced with dithionite and treated with CO gas or activated PhotoCORM (100 μM, illuminated for 6, 10 or 15 mins). Spectra are representative of three biological repeats. 



a lesser extent than the activated PhotoCORM, which releases 2 CO per mole PhotoCORM to its targets.  On the other hand, no inhibition was observed when CO-depleted PhotoCORM was added to membranes or when membranes containing the PhotoCORM were kept in the dark (Fig. 3.4 B).  We therefore concluded that the inhibition of respiration was caused by the release of CO from the activated PhotoCORM as CO gas (200 μM) and the activated PhotoCORM, but not the CO-depleted PhotoCORM or the non-illuminated PhotoCORM, resulted in the inhibition of respiration. 
Whole cell spectroscopy of EC958 cells treated with the activated PhotoCORM showed CO released from the PhotoCORM binding to terminal oxidases in the electron transport chain of the bacteria, thus confirming inhibition of respiration by CO (Fig. 3.4 C). Here, EC958 cells were grown to exponential phase, before harvesting and the sample reduced with dithionite to obtain ferrous haem. Cells were then either bubbled with CO gas or treated with the PhotoCORM and illuminated in situ for 6, 10 or 15 min. CO difference spectra, i.e. reduced globin plus PhotoCORM or CO minus reduced globin were recorded in all cases using a scanning dual-wavelength spectrophotometer. Upon treatment with the activated PhotoCORM, the CO-difference spectra at 6, 10 and 15 min illumination were identical to when cultures were bubbled with CO gas (Fig. 3.4 C). Spectral characteristics characteristic of CO-bound haem were observed, in particular CO binding to cytochrome bd. The appearance of a peak at 640 nm is caused by CO binding to ferrous cytochrome d and its corresponding trough at 625 nm signifies bleaching of the cytochrome d absorbance. The spectral features at 550 to 570 nm are due to b-type haems (Borisov et al., 2001; Borisov, 2008). 
The inhibition of respiration caused by pre-illuminated PhotoCORM was further explored by carrying out polarographic measurements in an open system, enabling us to follow changes in respiration for longer periods of time and also to observe immediate effects of the compound (Fig. 3.5). Our main aim was to deduce whether the inhibition of respiration by pre-illuminated PhotoCORM was indeed due to the CO. Purified membranes were resuspended in Tris-HCl buffer (50 mM, pH 7.4) in the open electrode chamber and supplemented with NADH (6.25 mM) to promote respiration; three consecutive aliquots of pre-exposed PhotoCORM were made, each aliquot giving 200 μM PhotoCORM. The amount of added membranes chosen to perform the experiment allowed the suspension to reach steady state at ~ 10% O2 (Fig. 3.5 A).  The first addition of pre-illuminated PhotoCORM caused an instant inhibition of respiration and resulted in a new steady state at a higher oxygen tension after 5 min.  Subsequent additions of PhotoCORM also led to similar inhibition of respiration. This effect was absent when membranes were treated with PhotoCORM and kept in the dark (Fig. 3.5A inset).  The percentage respiration inhibition caused by addition of the pre-illuminated PhotoCORM matched the level of inhibition caused by CO gas (Fig. 3.5 C). We therefore concluded that CO released from the pre-illuminated PhotoCORM is indeed producing a 
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Fig. 3.5: The comparison of respiration inhibition by pre-illuminated PhotoCORM and CO gas in EC958 membranes. The oxygen consumption of purified membrane suspensions of EC958 was measured polarographically in an open electrode system. (A) shows three consecutive additions (represented as 1, 2 and 3) of pre-illumnated PhotoCORM, with each addition amounting to 200 μM, to membranes once the respiration rate reached steady sate. Inset shows addition of PhotoCORM kept in the dark (200 μM) as a negative control. (B) Shows quantification of respiration rates from traces in (A). (C) Shows calculated % rates of respiration inhibition in cells treated with three consecutive additions (shown as 1, 2 and 3) of PhotoCORM compared to treatment with CO saturated solution, each addition equaling 200 μM. Traces are representative of three biological repeats and bars are standard deviations of 3 technical repeats of one representative biological repeat (*p < 0.04, **p < 0.032 when compared to untreated control).


significant inhibitory effect on respiration. 
[bookmark: _Toc356530806]3.2.5. CO released from activated PhotoCORM binds intracellular globin Ctb, thus reaching bacterial cytoplasm.
CO binding to terminal oxidases in the membranes of EC958 cells were shown in Fig. 3.4 C, but to test whether CO released from the activated PhotoCORM reached the cytoplasm, we used cell suspensions of E. coli MG1655 over-expressing a heterologous globin, the truncated haemoglobin (Ctb) from Campylobacter jejuni (Avila-Ramirez et al., 2013). In this system, the globin, when reduced, acts as a sink to trap the CO released from the PhotoCORM in the cytoplasm and the resulting CO-bound Ctb can be easily visualised in whole cells using a dual-wavelength spectrophotometer (Wainwright et al., 2006). The CO-difference spectra (CO-reduced Ctb minus reduced Ctb) were measured in each case. In order to quantify concentrations of CO-Ctb in vivo, the absorbance coefficient for the Soret region was used, as determined by L.K Wareham to be 43.5 X 103 M-1 s-1 (Thesis of L. K. Wareham 2015). 
Ctb-producing cells were resuspended in Tris-HCl buffer (50 mM, pH 7.4) and supplemented with glucose to promote respiration and remove O2 from the sample, producing reducing equivalents for the intracellular conversion of the globin to the ferrous state (essential for CO binding). Then, the sample with reduced Ctb was either bubbled with CO gas as a positive control, or treated with the PhotoCORM (20 μM) and illuminated in situ for 6 min (Fig. 3.6 A). The difference spectra showed characteristic features of CO-bound to the Ctb when cells were treated with the activated PhotoCORM, identical to when cell suspensions were bubbled with CO gas. Activated PhotoCORM led to 100% CO-Ctb formation. Then, titration experiments were performed where increasing concentrations of the activated PhotoCORM (1-20 μM) were added to cell suspensions and CO-difference spectra recorded (Fig. 3.6 B). Increasing concentrations of the activated PhotoCORM led to increasing concentrations of CO-bound Ctb, therefore demonstrating that CO released from the PhotoCORM upon activation reached the cytoplasm of bacterial cells.
[bookmark: _Toc356530807]3.2.6 Illumination of the PhotoCORM in the presence of EC958 cells reduces viability and inhibits bacterial growth.
The effect of the PhotoCORM on the survival of EC958 cells was explored by carrying out viability assays with EC958 cells growing on glucose defined minimal medium, treated with increasing concentrations of the activated PhotoCORM (Fig. 3.7 A). In all cases viability was calculated by comparing the CFU ml-1 post-treatment at each time point against untreated cells at t = 0 h, and presented as log CFU ml-1. The activated PhotoCORM, i.e. PhotoCORM illuminated in the presence of cells, reduced viability of EC958 cells by 2 logs at 24 h at 350 and 500 μM and by 1 log at 200 μM. Compared to the cells treated with UV only, which 
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Fig. 3.6: CO derived from activated PhotoCORM binds to intracellular bacterial globin. In (A), E. coli MG1655 cell suspensions over-producing the globin Ctb, were reduced by incubating with glucose (15 mM). Cells were either bubbled with CO gas to saturation or treated with 20 μM PhotoCORM and exposed to UV light (365 nm) for 6 min. In (B), cell suspensions were treated with increasing concentrations of PhotoCORM and exposed to UV light for 6 min. Difference in absorbance (CO reduced minus reduced) was plotted (numbers indicate PhotoCORM (μM)). In (C) the amount of CO-Ctb formed was calculated from B and plotted against PhotoCORM concentration.
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Fig. 3.7: Treatment of EC958 cells with PhotoCORM results in reduction of cell growth and viability. EC958 cells were grown in glucose defined minimal media at 37°C, 200 rpm. PhotoCORM was added at the start of each experiment. (A) Shows viability of cells exposed to 0 (●), 200 (▲), 350 (▼) and 500 μM () activated PhotoCORM. (B) Shows control experiments where cells were treated with UV only (●), 200 (▲), 350 (▼) and 500 μM () PhotoCORM in the dark. Viability is demonstrated as CFU ml-1 of treated cultures divided by the number of CFU ml-1 at time zero and expressed as log. Growth studies of cells treated with PhotoCORM are shown in (C) and (D). (C) Shows cultures treated with 0 (●), 150 (), 200 (▲), 350 (▼) and 500 μM () activated PhotoCORM. (D) Shows cells treated with UV only (●), 500 μM of the following: PhotoCORM dark (▲), Pre-illuminated PhotoCORM (▼) and CO-depleted PhotoCORM (). Compounds were added at time zero. Bars represent the standard deviation of three biological repeats.



showed an increase in viable cells at 2h and 4h, treatment with the activated PhotoCORM led to no increase in viable cells at those time points. On the other hand, EC958 cells treated with increasing concentrations of the PhotoCORM kept in the dark did not negatively affect the viability of cells (Fig. 3.7 B). 
A previous study showed that the growth of E. coli K-12 MG1655 (a non-pathogenic strain) was only marginally inhibited by 500 μM activated PhotoCORM when grown aerobically with glucose as the sole carbon source (Nagel et al., 2014). To investigate the ability of the activated PhotoCORM to inhibit growth of a pathogenic strain, aerobic cultures of EC958 growing in glucose minimal medium were treated with increasing concentrations of the PhotoCORM and illuminated in situ at 365 nm for 6 min (Fig. 3.7 C). OD600 readings were taken at several time points over 24 h. The activated PhotoCORM caused slight growth inhibition at 150 and 200 μM. Pronounced inhibition of growth was caused by 350 and 500 μM activated PhotoCORM, especially until 7 h post-treatment, with growth recovery at 24 h, although not to the same extent as control (i.e. untreated cells). The effect of various control compounds on the growth of EC958 cells was tested (Fig. 3.7 D). Firstly, cells treated with 500 μM PhotoCORM and kept in the dark failed to cause any growth inhibition, nor did cells treated with UV only. Interestingly, PhotoCORM (500 μM), pre-illuminated with UV light before addition to cells also did not cause inhibition of growth. Finally, we tested the effect of the CO-depleted PhotoCORM on EC958 cells and found that it caused a pronounced inhibition of growth, to a similar extent as the activated PhotoCORM (Fig. 3.7 D).
We also investigated the toxicity of the PhotoCORM against EC958 cells grown under anoxic conditions. Cells were treated with PhotoCORM and its derivatives as described above. However, since cells reached lower maximum OD600 values anoxically, ~0.8 versus ~2.5 aerobically, lower concentrations of PhotoCORMs were tested (Fig. 3.8). Here, a pronounced inhibition of growth was seen when cells were treated with 150 μM PhotoCORM and the level of inhibition was slightly increased by 200 and 250 μM activated PhotoCORM. Similar to aerobic growth studies, neither pre-illuminated PhotoCORM nor PhotoCORM in the dark (both at 250 μM) caused any growth inhibition. In contrast, CO-depleted PhotoCORM (500 μM) caused significant growth inhibition.
In summary, the findings from the growth studies show, first, that activating the PhotoCORM to allow for CO release is essential for toxicity to bacteria. The lack of toxicity by PhotoCORM kept in the dark, or pre-illuminated PhotoCORM, where there is only partial release of CO, highlights the need for CO release for toxicity. Second, toxicity against EC958 cells is not due to CO itself. Although activated PhotoCORM causes growth inhibition and PhotoCORM in the dark does not, CO-depleted PhotoCORM itself also causes toxicity to 
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Fig. 3.8: Inhibition of anaerobic growth of EC958 cells treated with the PhotoCORM. EC958 cultures were grown statically in glucose define minimal medium at 37°C. PhotoCORM was added at the start of each experiment. (A) Shows cells treated with 0 (●), 50 (), 150 (▲), 200 (▼) and 250 () μM activated PhotoCORM. (B) Shows control experiments where cells were treated with UV only (●) and 250 μM of the following: PhotoCORM dark (), Pre-illuminated PhotoCORM (▲) and CO-depleted PhotoCORM (). Bars represent the standard deviation of three biological repeats.


bacteria, suggesting that it is the metal backbone left behind upon CO release that is the cause of toxicity. Third, the antibacterial effect of the PhotoCORM is independent of O2 levels as both aerobic and anaerobic cultures were inhibited, and therefore distinct from classical inhibition of respiration by CO. 
[bookmark: _Toc356530808]3.2.7. CO gas inhibits respiration, but not the growth of EC958 cells
After showing that both CO gas and activated PhotoCORM resulted in similar levels of inhibition of respiration, we hypothesized that the growth of EC958 cultures might also be affected comparably by the two treatments. However, EC958 cultures treated with CO gas dissolved in medium, even at high concentrations of 600 μM failed to produce toxicity, while inhibition of growth by addition of 200 μM activated PhotoCORM was clearly observed (Fig. 3.9). Such discrepancies have also been reported by other studies whereby Ru-based CORMs such as CORM-2 and CORM-3 have proved to be extremely effective antimicrobial agents with no comparable effect when CO gas was tested instead (reviewed by (Wareham et al., 2015)).  Explanations such as direct delivery of CO into microbial cells by internalization of the CORM are given to account for such discrepancies. In this instance however, it is more likely that the metal itself is toxic to EC958 cells, rather than the CO gas. 
[bookmark: _Toc356530809]3.2.8. ICP-MS shows that Mn is not accumulated in EC958 cells
Ru-based CORMs, such as CORM-2 and CORM-3 accumulate to high levels intracellularly (Davidge et al., 2009b; McLean et al., 2013; Wilson et al., 2015) and a newer Mn-based CORM, CORM- 401 has been shown to accumulate to millimolar levels inside cells (Wareham et al., submitted). In order to test whether EC958 cells take up the PhotoCORM, cultures were grown in the presence of PhotoCORM (50 μM) before samples of cell pellets, corresponding supernatants and washes were taken at several time points and sent for analysis by inductively coupled plasma mass spectrometry (ICP-MS). The results showed that neither the activated PhotoCORM, nor the PhotoCORM kept in the dark were taken up by EC958 cells (Fig. 3.10 A). The majority of the PhotoCORM added was either found in the supernatants of cells, or in the washes (Fig. 3.10 B). Thus, Mn from the PhotoCORM is not accumulated to detectable levels inside cells.
As a multi-drug resistant pathogen, EC958 has multi-drug efflux systems and so cells may internalise the PhotoCORM but also rapidly export it (Totsika et al., 2011). Partition experiments were carried out to explore how likely it is that the PhotoCORM traverses biological membranes.  99% of activated PhotoCORM and 99.5% of PhotoCORM in the dark partitioned to the aqueous phase, giving log P values of  -2.0 and -2.3 respectively (Table 3.1).  The results showed that PhotoCORM and its derivatives have hydrophilic properties, which 
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Fig. 3.9: CO gas does not cause inhibition of EC958 cell growth. EC958 cells were grown aerobically at 37°C. Cells were either treated with UV only (●), 200 μM of activated PhotoCORM () or 600 μM CO gas saturated solution (▲). All stresses were added at the start of the experiment. Bars represent the standard deviation of three biological repeats.
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Fig. 3.10: EC958 cells do not take up Mn from the PhotoCORM. Exponential phase cells were treated with PhotoCORM (50 μM) and Mn content of cells at several timepoints were analysed by ICP-MS. (a) Shows intracellular Mn content of cells treated with activated PhotoCORM (white bars) or PhotoCORM kept in the dark (black bars). Background levels of intracellular Mn content in cells prior to PhotoCORM addition is shown at t=0. (b) and (c) represent extracellular Mn content quantified in supernatants of cultures (black bars) and washes of cell pellets (grey bars) upon treatment with PhotoCORM in the dark (b) or activated PhotoCORM (c). Bars represent the standard deviation of three biological repeats.




[bookmark: _Toc356531214]Table 3.1 Lipophilicity and partition coefficient (log P) for PhotoCORM and CO-depleted PhotoCORM.
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would mean they are less likely to passively cross cell membranes. This also highlights the need for import/ export transport systems for PhotoCORM internalisation and efflux.
[bookmark: _Toc356530810]3.2.9. Effects of PhotoCORMs on transport gene expression
In order to further explore mechanisms of transport for the PhotoCORM, RT-PCR experiments were performed on cells treated with the PhotoCORM, focusing on changes in gene expression levels of mntH. Bacteria have homeostasis systems that offer protection from the consequences of under- or over-accumulation of Mn (Rosch et al., 2009; Sun et al., 2010). The MntR transcription factor acts as a primary sensor and transducer of Mn abundance; the MntR regulon in E. coli includes mntH, encoding a Mn transporter (Ikeda et al., 2005; Kehres et al., 2002; Patzer & Hantke, 2001). When EC958 cells were treated with activated PhotoCORM, mntH was down regulated by over two-fold, and by just under two-fold by CO-depleted PhotoCORM (Table 3.2). These results are consistent with the findings of the metal uptake analysis in showing that EC958 cells do not show significant accumulation of Mn from the PhotoCORM. 
Previous work in our laboratory indicated that the expression of iron acquisition genes including the ent operon, which encodes the high-affinity iron chelator enterobactin, was affected by exposure to CO gas (Wareham et al., 2016). We therefore investigated transcriptional changes in genes involved in iron acquisition in response to PhotoCORM (150 μM) (Table 3.2). An up-regulation of over 4-fold was observed in entE in response to activated PhotoCORM and 5.5-fold in response to CO-depleted PhotoCORM. The haem transport protein chuA was also up-regulated in response to both activated PhotoCORM (>2-fold) and CO- depleted PhotoCORM (3.5-fold). Many bacteria, particularly pathogens, use haem as a source of iron (Schryvers & Stojiljkovic, 1999), supporting the hypothesis that exposure to PhotoCORM triggers an iron starvation response. It is not clear whether this is caused by Mn or CO from the PhotoCORM. It is possible that bacterial haem proteins are damaged by exposure to CO, therefore increasing the requirement for haem and/or iron to replace these proteins. However, since CO-depleted PhotoCORM also causes such transcriptional changes, it is more likely that this is due to the metal complex itself. Indeed, despite Mn having essential cellular roles, it is also toxic to bacteria in excess (Guedon et al., 2003; Kehres & Maguire, 2003; Waters et al., 2011).  Although the precise mechanism of toxicity is not clear, studies have shown that it is perhaps attributed to perturbation in iron mechanism (Guedon et al., 2003). The implications of the PhotoCORM and iron metabolism on toxicity to EC958 cells are discussed in more detail in the next chapter.

[bookmark: _Toc356531215]Table 3.2 Levels of gene expression assessed by RT-PCR in response to the PhotoCORM and its derivatives.
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Cultures of EC958 were treated with the activated PhotoCORM, CO- depleted PhotoCORM or PhotoCORM kept in the dark, all at 150 µM. The expression of individual genes of interest relative to the housekeeping gene gyrA were then compared with untreated cells (n = 3 ± SD). A value of 1 indicates no change in expression relative to untreated cells, values >1 indicate up-regulation and values < 1 indicate down-regulation. For example, a 2-fold increase is given as 2, and a 2-fold decrease is given as 0.5. 

[bookmark: _Toc356530811]3.2.10. Production of reactive oxygen species by PhotoCORM
We tested the hypothesis that treatment of EC958 cells with activated PhotoCORM stimulates the production of reactive oxygen species (ROS), as other CORMs have been proposed to elicit bacterial toxicity via the production of ROS (Tavares et al., 2011). RT-PCR experiments were performed with cells treated with the PhotoCORM, and its derivatives to study the effects of the compounds on expression levels of genes responsive to ROS, namely katG and sodA (Table 3.2). The gene sodA encodes a superoxide dismutase which converts toxic O2- into H2O2 and katG encodes a catalase, which prevents accumulation of H2O2 by converting it to water and oxygen (Hassan & Fridovich, 1978).  Neither katG nor sodA showed any substantial changes in gene expression when cells were treated with the activated PhotoCORM, CO-depleted PhotoCORM or the PhotoCORM in the dark (Table 3.2). 
In order to detect intracellular ROS production in response to treatment with the PhotoCORM, we used 2’,7’-dichlorofluorescein diacetate (H2DCF) that fluoresces upon oxidation by ROS, and is used as an indicator of general oxidative stress (Tavares et al., 2011). Treatment of cells with the PhotoCORM led to no further increase in fluorescence compared to the control (no addition) (Fig. 3.11). Interestingly, auto-oxidation of H2DCF was seen over time, leading to increased fluorescence even in cell-only controls (Fig. 3.11). This has also been reported in other studies, and the use of H2DCF to detect ROS has to be done with caution (Kalyanaraman et al., 2012). In our case however, no increase in fluorescence implies that ROS is probably not generated in response to PhotoCORM.
To further confirm the results obtained by RT-PCR and fluorescence work, growth studies were performed where EC958 cells exposed to activated PhotoCORM were treated with a range of antioxidants (Fig. 3.12). The hypothesis was that if ROS played a part in cell toxicity, addition of exogenous antioxidants, such as ascorbic acid, reduced glutathione (GSH) and N-acetyl cysteine (NAC) would attenuate the antibacterial effect of the PhotoCORM. Interestingly, instead of protecting cells from PhotoCORM-mediated toxicity, the opposite effect was seen. Addition of antioxidants led to an increased toxicity by the activated PhotoCORM (Fig. 3.12). Cells treated with NAC, GSH or ascorbic acid (250 μM and 500 μM) alone had no effect on growth. However, when added with a sub-inhibitory concentration of the activated PhotoCORM (250 μM), a pronounced growth inhibition was seen. The most marked effect was seen when activated PhotoCORM and ascorbic acid were added to EC968 cells, where a combination of the two led to sustained growth inhibition for up to 24 h (Fig. 3.12 B). When oxidized glutathione (GSSG), which consists of two residues of GSH oxidised and connected by a disulfide bond, was added along with activated PhotoCORM to EC958 cells, no change in growth was seen (Fig. 12 D). Interestingly, PhotoCORM without illumination was not able to cause an increased growth inhibition with antioxidants (Fig. 3.13). Although reasons for 
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Fig. 3.11: Endogenous production of ROS in cells treated with PhotoCORM. Exponential phase EC958 cells were treated with PhotoCORM (250 μM) either activated or kept in the dark. Cells treated with H2O2 (3 mM) were used as positive controls and untreated cells served as negative controls. Cells were incubated with stresses for 1 h, centrifuged and resuspended in PBS. The fluorescent probe 2′,7′-dichlorofluorescein diacetate (10 μM) was added and fluorescence intensity measured over time using a Hitachi F-2500 fluorescence spectrophotometer. The excitation and emission wavelengths were 485 nm and 538 nm respectively. Bars represent the standard deviation of three biological repeats.
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Fig. 3.12:  Combination of activated PhotoCORM and antioxidants have deleterious effects on the growth of EC958 cells. Growth of cells without any additions (●) was compared with cells treated with 250 μM activated PhotoCORM alone (▲); in combination with 250 μM () or 500 μM () of ascorbic acid, glutathione (reduced or oxidized) or N- acetyl cysteine; 250 μM (▼) or 500 μM () of each antioxidant alone. All additions were made at the start of each experiment and bars represent the standard deviation of three biological repeats.
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Fig. 3.13: Combination of PhotoCORM kept in the dark and antioxidants have no effect on EC959 cell growth. EC958 cells were grown in aerobically at 37 °C, shaking at 200 rpm. Cells were treated with 250 μM PhotoCORM in the dark alone () or in combination with 500 μM of the following: ascorbic acid (), reduced glutathione (), oxidized glutathione (*) or N-acetyl cysteine (). Untreated cells are shown as (). All compounds were added at the start of each experiment. Bars represent the standard deviation of three biological repeats.



this surprising effect of the activated PhotoCORM and antioxidants potentiating growth inhibition are not clear, the lack of combined effect when PhotoCORM dark was used highlights the role of CO release from the PhotoCORM. Indeed, light-induced CO release from the metal centre will generate a vacant coordination site to which other molecules can potentially bind, potentially producing toxic compounds whereas PhotoCORM in the dark should not have any coordination sites to bind the antioxidants, therefore showing no combined effect.
In summary, these experiments reveal no evidence of ROS production by the PhotoCORM and suggest that the mechanism of cell toxicity is not due to ROS.
[bookmark: _Toc356530812]3.2.11. Combination of the activated PhotoCORM and H2O2 cause enhanced toxicity to EC958 cells via production of hydroxyl radicals
Since metal uptake analysis showed no intracellular accumulation of Mn in EC958 cells, we investigated interaction of the activated PhotoCORM with reactive extracellular molecules. One example is H2O2, which is endogenously produced in respiration, and can diffuse out from cells (Liu & Imlay, 2013). Work performed by Dr. M. Tinajero-Trejo showed that EC958 cells were resistant to H2O2, 10 mM being required for sustained growth inhibition (Fig. 3.14 A).  However, addition of a sub-lethal dose of the activated PhotoCORM (100 μM), increased bacterial sensitivity to H2O2 by 2.5-fold, with 4 mM H2O2 causing complete growth inhibition (Fig. 3.14 B). 
We hypothesised that, like Fe, the Mn from the PhotoCORM can react with H2O2 to produce hydroxyl radicals. In order to test this, we made use of the dye 3’-(p-hydroxyphenyl) fluorescein (HPF), which fluoresces specifically in the presence of hydroxyl radicals, and not H2O2 (Setsukinai et al., 2003). An increase in fluorescence was seen when activated PhotoCORM (10 μM) was combined with H2O2 (300 μM), suggesting production of hydroxyl radicals (Fig. 3.15 A). This suggestion was strengthened by the fact that the fluorescence was markedly reduced when thiourea, a hydroxyl radical scavenger, was added to the sample (Fig. 3.15 A). Moreover, the addition of EDTA, a metal chelator, also reduced the fluorescence signal, strongly suggesting that the Mn centre of the activated PhotoCORM reacts with H2O2 to produce hydroxyl radicals. CO-depleted PhotoCORM also showed similar results to the activated PhotoCORM, where combining it with H2O2 led to a pronounced increase in fluorescence, and addition of EDTA and thiourea to the sample caused a significant drop in fluorescence. PhotoCORM in the dark combined with H2O2 failed to produce any increase in fluorescence, signifying that no hydroxyl radicals were produced. This shows that, upon illumination of the PhotoCORM, and the consequent release of CO, the compound that is left 
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Fig. 3.14: Combination of activated PhotoCORM with H2O2 impairs growth of EC958. Cultures were grown in glucose minimal medium at 37°C, 200 rpm. In (A), cultures were added with 0 (●), 6 (), 7 (▲), 8 (▼), 9 () and 10 (⬣) mM H2O2. In (B), control (no additions) (●) and cultures treated with PhotoCORM (100 μM) plus 4 (), 5 (▲), 6 (▼), 7 () and 8 (⬣) mM H2O2 were exposed to UV for 6 min. Compounds were added at time zero. Work carried out by Dr. M Tinajero-Trejo.
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Fig. 3.15: The combination of PhotoCORM (Mn) and H2O2 leads to the production of hydroxyl radicals. The assays in were performed in glucose minimal media. The figure titles and corresponding legends reflect experimental conditions. The fluorescent probe hydroxyphenyl fluorescein (HPF) was used at a final concentration of 5 μM to detect production of hydroxyl radicals in the presence of the PhotoCORM and its control compounds (10 μM) with or without H2O2 (5 mM). Where specified, EDTA (5 mM), thiourea (3 mM) or ferrous perchlorate (100 μM) were also added. Fluorescence intensity was measured using an F-2500 fluorescence spectrophotometer (Hitachi). The excitation and emission wavelengths were 490 nm and 515 nm respectively. Results are representative of three independent experiments.



behind is more reactive, as vacant coordination sites exist for other molecules, such as H2O2 to react with the Mn centre. To test whether Mn itself could generate hydroxyl radicals when combined with H2O2, Mn in the form of MnSO4was used. No increased fluorescence was detected with MnSO4 alone, but when added with H2O2 and illuminated, the fluorescence signal increased to the same extent as with activated PhotoCORM combined with H2O2 (Fig. 3.14 D). These results show that the production of hydroxyl radicals, in the case of the PhotoCORM, arises directly from the interaction of the Mn centre with H2O2, following photoactivation.
[bookmark: _Toc356530813]3.3. Discussion
CORMs, which have the ability to release CO in a controlled manner, have important applications in biology and in the clinic (Motterlini et al., 2005; Zobi, 2013).  Several hypotheses for the trigger mechanisms for CO release from CORMs have been advanced, including ligand exchange (Johnson et al., 2007), enzymatic cleavage (Romanski et al., 2011), thermal activation, pH and redox induced CO release (reviewed by (Davidge et al., 2009a)).  Recent years have seen a focus on light-activated CORMS, i.e. PhotoCORMs, whereby CO release is triggered by illumination of the CORM at a certain wavelength (Schatzschneider, 2011). In this study, we investigated the effect of a novel manganese-based PhotoCORM [Mn(CO)3(tpa-κ3N)]Br against a multi-drug resistant pathogen, E. coli EC958 for the first time. In comparison to ruthenium-based CORMs, such as CORM-2 and CORM-3, which have been shown to release 1 mole of CO per mole of compound, the PhotoCIRM releases 2 CO molecules (Clark et al., 2003; Motterlini et al., 2002b; Nagel et al., 2014). [Mn(CO)3(tpa-κ3N)]Br also makes use of manganese as the metal co-ligand, which is biologically more favourable than ruthenium due to lower levels of toxicity attributed to the metal itself. We hypothesised that, due to the greater CO release by the PhotoCORM, and avoiding the use of the 'foreign' metal Ru in favour of biologically universal Mn, the antimicrobial activity of [Mn(CO)3(tpa-κ3N)]Br would be attributable to CO gas instead of metal toxicity as increasingly reported for CORM-2 and CORM-3 (reviewed by (Wareham et al., 2015)). Utilising light as an external trigger for CO release, we were able to study the effects of the PhotoCORM at different stages of activation. This allowed a comprehensive study comparing the effects of the PhotoCORM and its derivatives with effects observed with CO gas. The role of the CO in the antibacterial effects of CORMs is increasingly questioned in recent years in favour of the metal co-ligand. Only through studies of well-characterised CORMs, with defined derivatives such as [Mn(CO)3(tpa-κ3N)]Br, can we move closer to pinpointing the mechanism of toxicity of CORMs in general.
[bookmark: _Toc356530814]3.3.1. Effect of [Mn(CO)3(tpa-κ3N)]Br on growth of EC958 cells
Despite the increased release of CO from the PhotoCORM, the effects of the PhotoCORM on growth and viability of EC958 cells were lower than for ruthenium-based CORMs (Fig. 3.7).  Studies performed with CORM-3 showed that 100 μM slowed growth and 200 μM completely inhibited the growth of anaerobically grown E. coli; under aerobic conditions, 100 μM caused complete growth inhibition (Davidge et al., 2009b). In this study, substantial growth inhibition was seen only from 350 μM activated PhotoCORM in aerobically grown cells, and 250 μM in anaerobically grown cells. Moreover, CORM-3 was tested against clinical isolates of Pseudomonas aeruginosa, and very low concentrations (1-10 μM) were able to completely inhibit cell growth (Desmard et al., 2009). The potent antibacterial effects seen by CORM-2 and CORM-3 were not seen with CO gas treated cells. Moreover, inactivated CORMs (iCORMs), which have been shown to have very little CO releasing properties, do still elicit some toxicity, albeit not as much as CORM-2 or CORM-3, to cells and cause global changes in gene expression (McLean et al., 2013). It is important to note that there is much ambiguity surrounding the chemical structure of iCORM with evidence that the carbonyl compound is altered during the ‘inactivation’ process to a stable molecule that releases CO with a much slower rate, and so is not in fact an ‘inactive’ CORM (Desmard et al., 2012; Johnson et al., 2007; McLean et al., 2012). This confounds studies investigating the mechanisms of CORM toxicity.
In this study, we have been able to test the effects of several well-defined derivatives of the PhotoCORM, at different stages of illumination, with interesting results (Fig. 3.7). Growth studies have shown that activated PhotoCORM (i.e. PhotoCORM illuminated in the presence of cells) inhibits the growth and viability of cells while PhotoCORM dark does not (Fig. 3.7). This shows that CO release from the PhotoCORM is important for its toxicity as activated PhotoCORM releases 2 COs per compound whereas PhotoCORM kept in the dark does not release any CO (Fig. 3.2). Pre-irradiated PhotoCORM, i.e. PhotoCORM illuminated prior to addition to cells, does not inhibit cell growth. Myoglobin assays have shown that pre-irradiated PhotoCORM leads to incomplete CO release in the absence of a target, with much of the CO binding back to the metal complex (Fig. 3.2), thus acting more as a PhotoCORM dark control. This may explain why there is little toxicity seen by pre-irradiated PhotoCORM. In order to test the effects of the metal backbone of the PhotoCORM against EC958 cells, it was important to have a CO-depleted control where all the CO had been released from the compound, before addition to cells. In order to do this, a stock of PhotoCORM was illuminated for 30 min, whilst stirring, to aid the release of CO into the atmosphere. Myoglobin assays performed with this compound showed no presence of CO, and we used this compound as our CO-depleted CORM control. CO-depleted CORM interestingly showed an antimicrobial profile similar to that of the activated PhotoCORM against EC958 (Fig. 3.7). This combined with the fact that high concentrations of CO gas (500 μM) failed to show growth inhibition (Fig. 3.9) shows that the antibacterial effects can be attributed to the metal complex that is left behind upon CO release. Indeed, upon illumination and following each successive CO release, the Mn centre undergoes successive oxidation, converting Mn(I) into more reactive Mn (II), (III) and (IV) (See Section 3.2.3).
So far, only a few studies have investigated the antimicrobial effects of other PhotoCORMs. One of the first studies used a tryptophan-derived manganese (I) carbonyl compound, referred to as TryptoCORM, against an E. coli K12 strain W3110 (Ward et al., 2014).  The TryptoCORM released 1.4 moles of CO per compound upon illumination at 465 nm and 2 moles at 400 nm (Ward et al., 2014). Interestingly, they like us found that PhotoCORM illuminated in the presence of cells inhibited growth, with 100 μM inhibiting growth for up to 8 h. TryptoCORM kept in the dark failed to show any growth inhibition. The group attributes the reason for toxicity to be CO gas as they demonstrate that the TryptoCORM pre-irradiated prior to addition to cells does not inhibit cell growth. They use this pre-irradiated TryptoCORM as an ‘iCORM’ control, but do not show the CO release properties of pre-irradiated TryptoCORM via myoglobin assays. The absence of toxicity could therefore be attributed, as in our case, to incomplete release of CO and therefore the pre-irradiated compound acting more like TryptoCORM kept in the dark. Control experiments with CO gas and cells were also not performed. In contrast, their most recent study shows that even non-irradiated TryptoCORM is able to inhibit the growth and viability of Neisseria gonorrhoeae and Staphylococcus aureus (Ward et al., 2017). In this case, even in the absence of photoactivation, the toxic effect of the TryptoCORM is attributed to CO gas, due to the fact that leghaemoglobin, which acts as a sink for CO, is able to reduce the antimicrobial effect of the PhotoCORM. Whilst this may be true for S. aureus, leghaemoglobin was not able to reverse the inhibitory effect of TryptoCORM in N. gonorrhoeae, showing that the toxic effects of the TryptoCORM is at least in part due to the metal complex itself.
[bookmark: _Toc356530815]3.3.2. The role of respiration and CO-binding to haem in terminal oxidases on CORM toxicity.
Previous studies have suggested that CORMs are toxic to bacteria due to the delivery of CO to intracellular targets, especially to intracellular haems, and terminal oxidases present in bacterial respiratory chains. CO from CORMs binding to terminal oxidases in vivo have been shown in various bacterial species, including E. coli, C. jejuni, and P. aeruginosa (Davidge et al., 2009b; Desmard et al., 2009; Smith et al., 2011). Studies investigating the effects of respiration caused by CORMs however showed a more multifaceted story. Wilson et al. showed that CORM-3 can actually stimulate as well as inhibit respiration; the reasons are unclear but classical uncoupling, i.e. an increase in proton permeability, was excluded (Wilson et al., 2013). Also, CORMs can show toxicity under anaerobic conditions, thereby showing that aerobic respiration, and competition between CO and oxygen, cannot be the sole mode of toxicity (Davidge et al., 2009b; Desmard et al., 2009; Nobre et al., 2007). In this study we found that, like CO gas, activated PhotoCORM is very effective at inhibiting respiration in cell membrane suspensions, whereas PhotoCORM in the dark does not (Fig. 3.4). These results show that it is the CO released from the PhotoCORM that is responsible for the inhibition of respiration. In support of this, CO-depleted PhotoCORM on the other hand shows no inhibition of respiration (Fig. 3.4). Pre-irradiated PhotoCORM also inhibits respiration, although not to the same extent as the activated PhotoCORM. Experiments carried out in an open oxygen electrode system confirmed that this was because of the CO remaining in the pre-illuminated PhotoCORM solution (Fig. 3.5). The ability to study the effects of the PhotoCORM derivatives allowed us to demonstrate that inhibition of respiration is not related to cell toxicity. In this case, both activated and CO-depleted PhotoCORM inhibited growth of EC958 cells but the first significantly inhibited respiration whereas the latter did not. Pre-illuminated PhotoCORM on the other hand did show some inhibition of respiration but did not cause toxic effects to cells (Fig. 3.5 and Fig. 3.7). Although whole cell spectroscopy also showed CO released from activated PhotoCORM binding to terminal oxidases, similar to previously mentioned studies; all in all, there is strong evidence that in the case of the PhotoCORM at least inhibition of respiration does not go hand-in-hand with toxicity to bacteria. 
[bookmark: _Toc356530816]3.3.3. Metal uptake and CO binding to cytoplasmic target
In this study, we used E. coli cells overproducing the Campylobacter jejuni truncated globin (Ctb) to act as a sink to show that CO released from the activated PhotoCORM gains cytoplasmic access (Fig. 3.6). Several studies have shown CO from other CORMs binding to terminal oxidases in the bacterial membranes (Davidge et al., 2009b; Jesse et al., 2013) but this is the first time CO binding to a cytoplasmic target has been demonstrated. This system also avoids the use of dithionite to reduce the globin, thus avoiding complications caused by the compound with regard to CO release, which has been shown to be the case for CORM-2 and CORM-3 (McLean et al., 2012). Here, glucose was used as a respiratory substrate to reduce cellular components. 
Since CO from the activated PhotoCORM was found in the cytoplasm, metal uptake analysis studies were carried out to investigate intracellular accumulation of Mn from the PhotoCORM (Fig. 3.10). Previous studies have shown that Ru-based CORMs are accumulated to very high, often millimolar levels, via an unknown transport mechanism (Davidge et al., 2009b; McLean et al., 2013). More recently, another Mn-based CORM, CORM-401 has been shown to accumulate in E. coli cells by to 3 mM (Wareham et al., 2017). An earlier study investigating the effects of this PhotoCORM against E. coli MG1655 also found Mn accumulation inside cells, although not in high amounts (intracellular Mn concentration of 80 μM, seen only at the end point) (Nagel et al., 2014). In this study, we did not find any accumulation of Mn inside EC958 cells, which is unprecedented. These results were true for activated PhotoCORM as well as PhotoCORM in the dark, and independent of incubation time. Reasons behind the discrepancy between no accumulation of the PhotoCORM in EC958 cells, and some accumulation of the PhotoCORM in MG1655, could be explained by media differences (Evans medium versus defined minimal medium). Also, the solvent DMSO was used in the latter case. Furthermore, strain EC958 has several multi-drug efflux systems that could pump out the PhotoCORM as it enters the cell (Totsika et al., 2011). There is also the possibility that the PhotoCORM has the ability to disrupt membranes, therefore making them leaky, which may confound these metal uptake results. This will be discussed in more detail in the next chapter.
It was assumed that the increased toxicity of CORM-2 and CORM-3 compared to CO gas against bacteria was due to localized CO delivery to intracellular targets such as haems (reviewed by (Wareham et al., 2015)). The high level of Ru accumulation following CORM exposure was seen to support this theory. However, the view that CO alone is responsible for cell toxicity is now an over-simplistic one. There is increasing evidence that the toxicity of Ru based CORM goes hand in hand with Ru accumulation. Indeed haem-deficient E. coli cells showed growth inhibition and reduction in viability in response to CORM-3, even though it lacked classical targets for CO (Wilson et al., 2015). It was found that hemA cells accumulated Ru to a ~2-fold higher level compared to WT cells, and also showed greater sensitivity to CORM-3. The CORM-3 control, which is structurally ambiguous, is mild in its toxicity profile, and is not accumulated by bacteria (McLean et al., 2013). Moreover, other non CO-releasing Ru compounds are also accumulated in cells and have toxic effects (Lam et al., 2014; Lemire et al., 2013). Desmard et al. showed that the antimicrobial effects of CORMS is modulated by the nature of metals used, with Ru-based CORMs, i.e. CORM-2 and CORM-3 showing significant bactericidal effects against P. aeruginosa PAO1, followed to a lesser extent by a slow Mn-based CO releaser CORM-371. A CORM lacking a metal centre, CORM-A1, only elicited a transient, mild effect on the growth and respiration of cells (Desmard et al., 2012).
In summary, these results show that CO released from the activated PhotoCORM reaches the cytoplasm of EC958 cells but we could detect no intracellular Mn. Lessons from other CORMs and this study show that it is over-simplistic to view that CO alone as the key player behind cell toxicity.
[bookmark: _Toc356530817]3.3.4. The role of ROS and the ability of H2O2 to enhance the activity of the PhotoCORM
There is an ongoing debate around the involvement of ROS in the antimicrobial properties of CORMs. Studies with C. jejuni have shown that hydrogen peroxide is produced as a consequence of inhibition of respiration by CORM-3 (Smith et al., 2011). Interestingly, neither inhibition of respiration or production of ROS is linked to cell toxicity as C. jejuni was shown to be resistant to CORM-3. On the other hand, another group suggests that ROS plays a direct role in the antimicrobial activity of CORM-2 and ALF062 to E. coli (Tavares et al., 2011). They showed intracellular production of ROS in response to CORMs using the fluorescent dye H2DCF, and that addition of antioxidants protects cells from the effects of CORMs. They also found that mutants lacking superoxide dismutase and catalase, i.e. ROS detoxifying enzymes, were more sensitive to CORMs. On the other hand, studies on the effects of a range of Ru, Mn and non-metal based CORMs (CORM-2, CORM-3, CORM-371 and CORM-A1) against P. aeruginosa by showed no involvement of ROS (Desmard et al., 2012). 
We wanted to investigate whether ROS played a part in the toxicity imposed on EC958 cells by PhotoCORM. RT-PCR experiments failed to show any significant changes in ROS responsive genes suggesting that ROS was not being produced. This was reinforced by studies using the H2DCF dye; no increase in fluorescence was seen in cells treated with the PhotoCORM, signifying little to no intracellular ROS production (Fig. 3.11). Certain antioxidants such as NAC, and reduced (but not oxidised) glutathione reverse the antimicrobial effects of CORM-2 and CORM-3 (Desmard et al., 2009; Tavares et al., 2011). We therefore tested the effect of combining the PhotoCORM with NAC, GSH, GSSG or ascorbic acid on the growth of EC958 cells with the hypothesis that if killing were ROS mediated, the antioxidants would protect against the activated PhotoCORM. Our results however showed the opposite effect; the presence of antioxidants increased the activity of the PhotoCORM (Fig. 3.12). The basis of this toxicity remains unclear but control experiments with PhotoCORM in the dark were without effect, showing that the activation of the PhotoCORM is important in its interactions with these compounds. Release of CO creates an empty coordination site in the PhotoCORM, thus allowing interactions to occur. It would be interesting to follow up the basis of the effects caused by such sulfhydryl compounds not only because many are often intracellular components but also because they show interesting effects with CORM-2 and CORM-3. McLean et al showed that sulfur containing species such as dithionite promote the release of CO in vivo (McLean et al., 2012). Studies have also shown that the effects of antioxidants on CORM toxicity may be more complex than merely offering protection from ROS. For example, Jesse at al have shown that NAC not only protects and rescues growth of cells after treatment with CORM-2 and CORM-3, but it also protects from inhibition of respiration, and most significantly, dramatically reduces CORM uptake into cells (by up to 8-fold) (Jesse et al., 2013). Such experiments with this PhotoCORM would be an interesting avenue to follow.
Prior to these ROS experiments, we wanted to investigate the effects of reactive extracellular molecules and the PhotoCORM on EC958 cells as a potential mechanism of PhotoCORM toxicity. Since CO gas itself failed to mimic the toxicity of the activated PhotoCORM but CO-depleted CORM did, it was apparent that the metal backbone of the PhotoCORM, which becomes oxidised and more reactive upon activation, was the key player in cell toxicity. Since uptake experiments failed to show intracellular accumulation of Mn, we hypothesised that toxicity could be caused by reaction of the PhotoCORM with extracellular molecules such as H2O2. The experiments did show that the presence of H2O2 potentiated the effects of the PhotoCORM, and the Mn centre reacted with H2O2 to form hydroxyl radicals (Fig. 3.14 and 3.15). However, it is very unlikely that bacteria generate endogenously sufficient H2O2 to diffuse out and replicate the combined effects of H2O2 and the PhotoCORM (Imlay, 2015). We have also shown that PhotoCORM toxicity does not involve ROS, and so we can conclude that endogenously produced H2O2 would be unable to potentiate the antimicrobial activity of the PhotoCORM, and cannot be considered its mechanism of toxicity.
[bookmark: _Toc356530818]3.3.5. Applications of PhotoCORM
CORMs were originally developed as a way of delivering CO in a safe and controlled manner (Garcia-Gallego & Bernardes, 2014; Heinemann et al., 2014) and their potential as antimicrobial agents was only discovered later on. We are however lacking a complete picture of the mechanism of actions of even the most extensively studied CORMs. Issues arise with ill-defined controls, which limit the role of the metal versus the role of CO in cell toxicity. PhotoCORMs allow for controlled spatial and temporal release of CO and it is therefore possible, through study of PhotoCORM derivatives, to gain an understanding of the multilayered aspects of CORM reactivity with various biological systems. A potential drawback of using PhotoCORMs as an antimicrobial agent is the difficulty of activating the compound in tissues or turbid suspensions where UV may not be able to penetrate. Gas-phase FT-IR spectroscopy performed by one of our collaborators, T.W. Smith, has shown that the PhotoCORM can be activated in very turbid cell suspensions (OD600 ~50) with 2 mol CO per mol PhotoCORM detected (Tinajero-Trejo et al., 2016). This shows that activation is possible, even in highly turbid conditions. PhotoCORMs could have potential in translational applications such as in topical treatments or treating areas where a light source can easily gain access, such as in the oral cavity or the urinary tract (Karakullukcu et al., 2013; Moore et al., 2011). Indeed light activated therapy (LAT) for endodontic treatments, such as root canals are of increasing interest (George & Kishen, 2007). A catheter with a light guide for use in bladder and prostate surgery includes a waveguide for light transmission to those organs (Patent application US20100016844A1). Another potential avenue is combinatorial therapies whereby the PhotoCORM is combined with conventional antibiotics to hopefully increase their efficiencies. This is investigated in more detail in the next chapter. 
[bookmark: _Toc356530819]3.4. Conclusions
In conclusion, we show that the PhotoCORM releases 2 CO ligands per compound that bind to terminal oxidases, thereby inhibiting respiration. Illumination of the PhotoCORM is important for its toxic effects, as activated PhotoCORM prevents growth and reduces viability of EC958 cells but PhotoCORM in the dark does not. The failure of CO gas to mimic the effects of the activated PhotoCORM and the ability of CO-depleted PhotoCORM to cause toxicity highlights the role of the metal in eliciting toxicity. We also show that mechanism of toxicity is unrelated to inhibition of aerobic respiration as the PhotoCORM also inhibits anaerobic cultures. We show that the activated PhotoCORM works synergistically with exogenous H2O2 but our results do not support the involvement of ROS in the toxicity caused by PhotoCORMs. These main findings are summarized in Fig. 3.16.
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Fig. 3.16: Mechanisms of PhotoCORM action – a summary of findings. The PhotoCORM only releases CO upon activation at 365 nm (1). Metal uptake analyses showed no evidence of intracellular accumulation of the Mn complex in EC958 cells (2), however the released CO enters cells by diffusion (3) and inhibits respiration by binding to terminal oxidases in the electron transport chain (4). No evidence of ROS formation can be found (4). Treatment of cells with PhotoCORM results in changes in gene expression (5 and 6), for example genes involved in metal transport (7). Activated PhotoCORM reacts with H2O2, which in this case was added exogenously but can also be metabolically derived (8). The reaction causes the formation of hydroxyl radicals (9), which have the ability to damage membranes. The ‘L’ in CO-depleted CORM (1) stands for various ligands present in growth medium/ cell environment that take the position of the released CO ligand(s).


[bookmark: _Toc356530820]Chapter 4 - The Manganese Photoactivatable Carbon Monoxide-Releasing Molecule [Mn(CO)3(tpa-κ3N)]+ potentiates the actions of antibiotics in a multi-drug resistant uropathogenic Escherichia coli.

[bookmark: _Toc356530821]4.1 Introduction
The rising spread of antimicrobial resistance (AMR) and the scarcity of new antibiotics has meant that a ‘post-antibiotic era’, where common infections can endanger human health, has become a real possibility (Alanis, 2005). Indeed, in 2015, researchers identified bacteria resistant to the ‘drug of last resort’ – colistin (CST) – in patients and livestock in China (Liu et al., 2016). To meet these challenges, numerous international initiatives on AMR have been launched including a World Health Organisation (WHO) global action plan (2015), priority topics for the G7/G20 meetings in 2015/2016 and the Transatlantic Task Force on AMR. Other moves include the European Commission’s Road Map to address the rising threats from AMR, and a call for research proposals for the € 1m ‘Horizon Prize for Better Use of Antibiotics’, which focuses on tackling AMR and the irresponsible use of antibiotics. The spectre of global antibiotic resistance demands: (1) an accelerated search for new antibiotics via private/public partnerships; (2) better understanding of how non-antibiotic antimicrobial agents act and can therefore be used synergistically with established antibiotics (Ejim et al., 2011); (3) a search for new antimicrobials with distinct modes of action (such as carbon monoxide-releasing molecules (CORMs) (Wareham et al., 2015); and (4) deeper understanding of how the innate immunity system can be used to aid clearing of bacterial infections.
One approach to combat antibiotic resistance is the use of combinatorial therapies with the aim of reducing dependency on the use of single antibiotics (Nightingale et al., 2002). This has led to studies that look at CORMs as antimicrobials not only in isolation but also as adjuvants to standard antibiotics. One of the studies showed that sub-inhibitory concentrations of CORM-2 potentiated the activity of metronidazole, clarithromycin and amoxicillin against clinical isolates of H. pylori (Tavares et al., 2013).  They reported two main mechanisms of action:  inhibition of urease activity and of respiration. The minimum inhibitory and bactericidal concentrations for all tested antibiotics were reduced by CORM-2. Likewise, CORM-2 was also reported to work as an adjuvant to tobramycin against P. aeruginosa biofilms (Murray et al., 2012). No reports were made about the kind of interactions (i.e. synergy or merely additive) between CORM-2 and antibiotics in these studies. Standard checkerboard assays and calculations of fractional inhibitory concentrations were not performed. A recent study showed that the potentiating effects observed with CORMs were not seen with CO gas (Wareham et al., 2016), although interestingly, other gasotransmitters such as H2S and NO have been shown to confer defense against antibiotics (Luhachack & Nudler, 2014).
In the previous chapter, we have shown that the PhotoCORM inhibits growth of EC958, binds to respiratory cytochromes and inhibits respiration, while metal ion acquisition is perturbed. Here we set out to characterise the antibiotic susceptibility of strain EC958 and investigate whether [Mn(CO)3(tpa-ĸ3N)]+ is synergistic with other antibiotics. We investigate the basis of the synergy and show that iron starvation and membrane damage are key to understanding the mechanism of toxicity of the PhotoCORM both alone and in the presence of antibiotics. The increasing prevalence of ST131 strains requires novel antimicrobial strategies to combat infections, of which combinatorial therapy may be an important one. 
[bookmark: _Toc356530822]4.2 Results
4.2.1 Light-activated [Mn(CO)3(tpa-ĸ3N)]+ potentiates the inhibitory effects of antibiotics 
E-tests showed that E. coli strain EC958, in contrast to laboratory strain MG1655, was resistant to multiple classes of antibiotics including tetracycylines (DOX), aminoglycosides (kanamycin, KAN), and dihydrofolate reductase inhibitors (trimethoprim, TMP) (Table 4.1). These findings are in agreement with predictions from the genome sequence, which shows that plasmid pEC958 contains genes for resistance to various antibiotics such as tetA and tetR (encoding tetracycline resistance proteins), aac6’-lb-cr (encoding aminoglycoside N(6’)-acetyltransferase), and dhfrVII (encoding dihydrofolate reductase) (Totsika et al., 2011).
To investigate whether [Mn(CO)3(tpa-κ3N)]+ enhances the inhibitory effects of antibiotics, EC958 cultures were treated with increasing concentrations of antibiotics in the absence or presence of a sub-inhibitory concentration of the activated PhotoCORM (200 μM) (Fig. 4.1). Activated PhotoCORM reduced the MICs of some antibiotics including DOX (from 96 to 24 μg/ml), CST (8 to 1 μg/ml), KAN (96 to 48 μg/ml) and GEN (6.4 to 1.6 μg/ml), whereas the MICs for cefotaxime (CTX) and chloramphenicol (CHL) were not greatly reduced. 
Growth studies were performed with sub-inhibitory concentrations of antibiotics and the PhotoCORM in different stages of activation to better understand the combined interactions. UV-activated [Mn(CO)3(tpa-κ3N)]+ (200 μM) potentiated the growth inhibitory effects of GEN, DOX and CST (Figs. 4.2 A, B and C, right). The effect was most marked with DOX (Fig. 4.2 B) and especially CST (Fig. 4.2 C). However, CO-depleted PhotoCORM also enhanced inhibition by GEN and DOX (Figs. 4.2 A, B, middle) and dramatically potentiated the effect of CST (Fig. 4. 2C, middle). Even the non-illuminated 
[bookmark: _Toc356531216]Table 4.1 Comparison of antibiotic sensitivities of E. coli MG1655 and EC958 grown on Mueller Hinton II agar.
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Fig. 4.1: The presence of the activated PhotoCORM increases the inhibitory effect of some but not all antibiotics. Cultures grown in glucose DMM were treated with increasing concentrations of antibiotics in the absence () or the presence of 200 μM PhotoCORM() in minimal medium and illuminated for 6 min at 365 nm. OD600nm was recorded after 24 h aerobic incubation at 37°C, 200 rpm. The graphs show the averages ± SEM of three biological repeats.
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Fig. 4.2: Combining sub-inhibitory concentrations of antibiotics and [Mn(CO)3(tpa-κ3N)]+ increased growth inhibition. Bacterial cultures were treated with sub-inhibitory concentrations of antibiotics alone (GEN, 0.6 μg/ml (A); DOX, 9 μg/ml (B); and CST, 1 μg/ml (C)) or combined with 200 μM PhotoCORM (either illuminated, dark or CO-depleted). Ab = antibiotic; UV = cultures illuminated at 365 nm for 6 min. Shown are: cells (no additions), (); antibiotic alone (); PhotoCORM alone (dark, CO-depleted or with UV, ); and a combination of antibiotic and the PhotoCORM (Ο). Graphs show the averages ± SEM of three biological repeats.



PhotoCORM slightly increased growth inhibition by DOX (Fig. 4.2 B). Thus the released CO is not the main synergistic partner of these antibiotics. 
[bookmark: _Toc356530823]4.2.2 Checkerboard experiments confirmed that activated PhotoCORM functioned synergistically with antibiotics that target the cell membrane and protein synthesis. 
Checkerboard experiments were performed to help determine whether the observed interactions between the PhotoCORM and antibiotics were synergistic, additive or antagonistic. Briefly, cultures were grown in 96 well plates with increasing concentrations of PhotoCORM administered to cells along the abscissa and increasing concentrations of antibiotic along the ordinate (See Section 2.4.9). The plate was incubated for 24 h at 37°C with shaking. From the resulting growth curves, the MIC of each compound alone or in combination was determined. This was used to calculate the Fractional Inhibitory Concentration (FIC) for the two compounds. The combination was considered synergistic when the ΣFIC is ≤0.5, additive when >1.0 and < 1.0, indifferent when the ΣFIC was >0.5 to <2, and antagonistic when the ΣFIC was ≥2 (Nightingale et al., 2002; Orhan et al., 2005).
The results showed that the activated PhotoCORM works synergistically with CST (ΣFIC = 0.31), the MIC was reduced 8-fold (from 8 to 1 μg/ml (Table 4.2). Synergy was also seen with the PhotoCORM and polymyxin B (PMB, ΣFIC = 0.25 where the MIC of PMB was also reduced 8-fold, and with PhotoCORM and the human cathelicidin peptide LL37 (ΣFIC = 0.5). The cationic polypeptides CST and PMB interact with anionic lipopolysaccharide (LPS) molecules in the outer membrane of Gram-negative bacteria and displace calcium and magnesium, thus disrupting the cell membrane and causing an increase in cell permeability, leakage of cell contents, and cell death (Evans et al., 1999; Li et al., 2001). Thus we hypothesised that the observed synergies may result from increased entry of the PhotoCORM into bacteria and enhanced access to intracellular targets. Alternatively, the PhotoCORM itself may disrupt the bacterial membrane, thereby intensifying the effects of polymyxins (See section 4.2.5).
Synergy was also seen with antibiotics belonging to the tetracycline family, which act as inhibitors of protein synthesis (Table 4.2). The activated PhotoCORM showed synergistic interactions with DOX (ΣFIC = 0.28), reducing the MIC of DOX by 4-fold. Synergy was not seen with OTC and tetracycline (TET); instead, an additive effect was found with the PhotoCORM and TET (ΣFIC = 0.75) and indifference with OTC. These diverse interactions of the activated PhotoCORM with members of the tetracycline family may be explained by the different sensitivities of EC958 to these antibiotics. Amongst the tetracyclines, DOX had the lowest MIC against EC958 (Table 4.2), whereas the MICs of TET and OTC were over 2-fold 
[bookmark: _Toc356531217]Table 4.2 Checkerboard analysis of the synergistic effects of the light-activated PhotoCORM with certain antibiotics
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aMinimum Inhibitory Concentration of antibiotic. bFractional Inhibitor Concentration. Values are representative of ≥ 3 independent biological repeats.

higher (> 240 μg/ml). Thus a threshold of susceptibility may be required for synergism to occur. To test this hypothesis, checkerboard experiments were also performed with MG1655, an E. coli strain that is sensitive to both tetracycline and OTC. The PhotoCORM was synergistic with both these antibiotics against this strain (Table 4.2). 
[bookmark: _Toc356530824]4.2.3 Viability studies show increased loss in viability of EC958 cells treated with a combination of PhotoCORM and antibiotics
Viability assays were carried out on EC958 cells treated with the activated PhotoCORM with or without antibiotics (DOX or CST). The concentrations used of each compound were such that they produced sub-lethal effects alone. As can be seen in Fig. 4.3 B, cells treated with activated PhotoCORM (200 μM) or CST (1 μg/ml) alone did not show a decrease in viability over 24 h. However, a combination of the two significantly decreased viability of cells by ~2 log units at 4 h (p < 0.0001) and by a drastic 5 log units at 24h (p < 0.0001) compared to cells treated with each compound alone. These results demonstrated that a combination of the activated PhotoCORM and CST evoke a bactericidal effect over 24 h. In Fig. 4.3 A, cells treated with a combination of DOX (24 μg/ml) and the activated PhotoCORM  (200 μM) showed a sustained bacteriostatic response over 24 h whereas treatment with DOX showed recovery in viability at 4 h and 24 h.
4.2.4 Antibiotics do not increase accumulation of Mn from PhotoCORM in EC958 cells 
We have previously shown that the PhotoCORM alone does not accumulate measurably in EC958 cells (See Section 3.2.8). However, a possible explanation for the synergistic interactions between activated PhotoCORM and DOX or CST may be that treatment of EC958 cells with these antibiotics led to an increased intracellular accumulation of PhotoCORM, and therefore increased Mn uptake. Cultures were treated with UV-activated [Mn(CO)3(tpa-κ3N)]+ (50 or 150 μM), alone or in combination with CST (0.5 μg/ml), DOX (12.5 μg/ml), MIN (1 μg/ml) or OTC (12.5 μg/ml) (Fig. 4.4 and Table 4.3). After incubation for 40 min, cell pellets, culture supernatants and wash fractions were analysed for Mn content via ICP-MS. No increased accumulation of Mn was observed when cells were treated with a combination of either CST or tetracyclines and the PhotoCORM (Fig. 4.4 and Table 4.3). The majority of Mn was found in the supernatant and washes. These results suggest that the increased toxicity seen with a combination of PhotoCORM and antibiotics is not due to an increased accumulation of the PhotoCORM. 
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Fig. 4.3: Cells treated with a combination of activated PhotoCORM and antibiotics show a greater reduction in viability compared to treatment with the compounds alone.   (A) Shows quantification of CFU from cultures treated with PhotoCORM, UV (200 μM), CST (1 μg/ml), and a combination of the two. (B) is the same as (A) except cells were treated with DOX (24 μg/ml) instead of CST. Viability is represented as CFU/ml of treated cultures divided by the number of CFU/ml at time zero and expressed as log. Bars represent the standard error of three biological experiments. CFU, colony forming unit.
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Fig. 4.4: Metal analyses by ICP-MS of cells treated with a combination of [Mn(CO)3(tpa-κ3N)]+, UV and CST. Cultures were grown with either 50 μM or 150 μM UV-activated PhotoCORM, or combined with CST (0.5 μg/ml). In (A), extracellular Mn was quantified from the supernatants (black bars) and washes of cell pellets to remove loosely bound Mn (grey bars) after exposure to the PhotoCORM with or without CST. In (B), intracellular Mn was quantified in harvested cells on incubation with either the PhotoCORM alone or in combination with CST. Bars are mean ± SEM of three biological repeats.


[bookmark: _Toc356531218]Table 4.3 ICP-MS shows no increase in intracellular Mn content of EC958 cells treated with a variety of antibiotics in the presence or absence of PhotoCORM 
[image: ]
Cultures were grown with either 50 μM activated PhotoCORM alone or in combination with DOX (12.5 μg/ml), MIN (1 μg/ml) and OTC (12.5 μg/ml). Cells were incubated with compounds for 40 min before samples were taken for ICP-MS. Shown are averages of two biological repeats.



[bookmark: _Toc356530825]4.2.5 The PhotoCORM contributes to bacterial membrane damage 
As CST causes bacterial membrane damage, the effect of treating cultures with a combination of sub-inhibitory amounts of [Mn(CO)3(tpa-κ3N)]+ and CST on the expression of spy was investigated by RT-PCR. Spy is a periplasmic protein in the CpxR and BaeSR regulons and is induced by envelope stress (Hagenmaier et al., 1997). The spy gene was up-regulated 2.6-fold by treatment with sub-inhibitory concentrations of the activated PhotoCORM in combination with CST (1 µg/ml), whereas expression was unaffected by CST or activated PhotoCORM individually (Table 4.4). This suggests that the PhotoCORM may enhance bacterial membrane damage caused by CST; however the increased transcription of spy is slight compared to the dramatic increases elicited in strain MG1655 by CO and other CORMs alone (Davidge et al., 2009b; Wareham et al., 2016).
4.2.5.1 Use of the fluorescent probe N-phenyl-1-napthylamine (NPN) to investigate membrane damage by PhotoCORM 
NPN is a membrane impermeable dye, which fluoresces weakly in aqueous environments, but becomes very strongly fluorescing upon exposure to a hydrophobic environment. Thus, upon bacterial membrane perturbation, the probe is incorporated into the hydrophobic core of the membrane and the fluorescence of the dye increases (Loh et al., 1984; Wilson et al., 2015). CST was used as a positive control as it is known to disrupt bacterial membranes (Loho & Dharmayanti, 2015). As expected, the fluorescence increased with the addition of CST (Fig. 4.5 A and B), however, upon addition of the PhotoCORM (shown by arrow) to samples incubated with CST for 30 min, fluorescence quenching was observed (Fig. 4.5 A).  When both CST and PhotoCORM were added at the start, the fluorescence was markedly lower than that of CST alone (Fig. 4.5 B). This suggests that the PhotoCORM is quenching the NPN fluorescence, thus preventing the detection of any membrane perturbation by PhotoCORM through this technique.
4.2.5.2 Liposomes leakage studies show membrane damage by [Mn(CO)3(tpa-κ3N)]+ 
We investigated the ability of [Mn(CO)3(tpa-ĸ3N)]Br to damage membranes by measuring the release of a fluorescent dye (5(6)-carboxyfluorescein), encapsulated at a self-quenching concentration (50 M), from liposomes composed of 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) with an overall negative charge, or from 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)-DOPG (7:3 ratio), which have a more neutral charge (Fig. 4.6). In Fig. 4.6 A, PhotoCORM (50 μM), was added to liposomes at 0.5 min (first arrow) and changes in fluorescence recorded until no further change was seen. The sample was then illuminated (second arrow) and changes in fluorescence measured for a further 2 min. An 
[bookmark: _Toc356531219]Table 4.4 Levels of gene expression assessed by RT-PCR in response to the PhotoCORM alone or in combination with CST.
[image: ]Cultures of EC958 were treated with the activated PhotoCORM (150 μM), alone or in combination with colistin (1 µg/ ml). A culture was also treated with 1 µg/ ml colistin alone as a control. The expression of individual genes of interest relative to the housekeeping gene gyrA were then compared with untreated cells (n = 3 ± S.D). A value of 1 indicates no change in expression relative to untreated cells, values >1 indicate up-regulation and values < 1 indicate down-regulation. For example, a 2-fold increase is given as 2, and a 2-fold decrease is given as 0.5. 
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Fig. 4.5: Use of the fluorescent probe N-phenyl-1-napthylamine (NPN) to investigate membrane damage by PhotoCORM. EC958 cells were washed, resuspended in PBS and adjusted to an OD600 of 0.5. In (A), cells were then incubated with NPN for 5 min and either had no addition of stresses (), treated with CST alone (), incubated with CST for 30 min before addition of 50 μM () and 300 μM () activated PhotoCORM or treated with 50 μM () and 300 μM () activated PhotoCORM alone at 30 min. In (B), cells were incubated with NPN alone (), and all additions made at 5 min. Cells treated with CST (), 150 μM PhotoCORM, UV (), and combined with CST (), 150 μM PhotoCORM in the dark (), and combined with CST () are shown. The concentration of CST used was 0.25 μg/ml. Data are representative of 3 biological repeats.
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Fig. 4.6: Activated PhotoCORM causes damage to liposomes. Membrane damage by [Mn(CO)3(tpa-κ3N)]+ was assessed by carboxyfluorescein release from liposomes prepared from DOPG only (A and B) or a DOPE-DOPG mix in a 7:3 ratio (C and D). In (A), liposomes were treated with PhotoCORM (50 μM) at the first arrow, and then illuminated for 6 min (second arrow). (B) is a control experiment with liposomes but no PhotoCORM: first arrow shows addition of CST (30 μM) and second arrow shows addition of 0.01% triton. Liposomes exposed to UV light at 365 min for 6 min is also shown (UV 6 min). (C) is as (A) except with a 7:3 mix of DOPE-DOPG and (D) is the corresponding no PhotoCORM control. The excitation wavelength was 495 nm and emission was at 517 nm. Data shown are representative of three technical repeats of two independent experiments.


increased fluorescence indicates that the PhotoCORM elicits dye leakage from liposomes and that the extent of damage increased (over 2-fold) upon illumination. Total membrane damage was determined by the addition of CST (10 µM) and Triton X-100 (0.01 %), which resulted in maximum leakage (Fig. 4.6 B, D). The PhotoCORM caused damage to DOPG (i.e. negatively charged) liposomes, both before and after illumination, but only damaged the more neutral DOPE-DOPG liposomes after illumination (Fig. 4.6 C, second arrow). This suggests that negatively charged DOPG liposomes are more susceptible to damage by the non-activated PhotoCORM. The membrane charge may be an important factor since, upon CO loss following photoactivation, the Mn(I) centre is oxidised to the +II or +III stage while the tpa ligand remains coordinated to the metal.  Liposomes illuminated for 6 min without the PhotoCORM resulted in no change in fluorescence (Fig. 4.6 B, D). 
4.2.5.3 Membrane depolarisation by the PhotoCORM. 
To further investigate membrane damage by [Mn(CO)3(tpa-κ3N)]+, the membrane potential-sensitive dye diSC3(5) was used to determine the depolarizing effects of the PhotoCORM on the cytoplasmic membrane of E. coli EC958. Fluorescence caused by release of diSC3(5) from the membrane in response to non-illuminated PhotoCORM was monitored over a period of 150 s (Fig. 4.7 A). Dose-dependent increases in fluorescence were observed on addition of the PhotoCORM up to a concentration of 200 μM. As described previously, the title compound elicits greater antibacterial activity when illuminated at 365 nm in the presence of bacterial cells. However, although the optimal excitation wavelength for diSC3(5) is 660 nm (emission 675 nm), some excitation occurred with our light source at 365 (nm), so it was necessary to photoactivate the CORM only prior to addition of the diSC3(5). Illuminated PhotoCORM caused some increase in membrane depolarization at all concentrations tested (Fig. 4.7 B), beyond that of the non-illuminated compound. Together, these results strongly suggest that the PhotoCORM is capable of damaging membranes, explaining in part the synergy with compounds that disrupt membranes, such as polymyxins and the human peptide LL37.
[bookmark: _Toc356530826]4.3.6 The tetracycline resistance gene tetA of EC958 is down-regulated by PhotoCORM and DOX
The EC958 genome includes pEC958 bearing the tetA gene (Totsika et al., 2011) that encodes an energy-dependent tetracycline efflux pump confering resistance to tetracyclines (Chopra & Roberts, 2001). As predicted, tetA was up-regulated in response to DOX (by over 40-fold), in accordance with the resistance of EC958 to DOX (Table 4.5). However, when EC958 cells were treated with a combination of DOX and PhotoCORM, the level of tetA up-regulation was substantially lower (only 18-fold), suggesting that the PhotoCORM may impair efflux of DOX, thus potentiating its activity. 
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Fig. 4.7: Cytoplasmic membrane depolarization of E. coli EC958 by PhotoCORM measured using the membrane potential-sensitive dye, diSC3(5). (A) shows cells treated with the PhotoCORM without illumination at a range of concentrations and (B) is the PhotoCORM illuminated prior to addition to cells. CST (10 μM) was used as the positive control. The excitation wavelength was 622 nm and emission was at 670 nm. Data shown are representative of three technical repeats of two independent experiments.



[bookmark: _Toc356531220]  Table 4.5 Levels of gene expression assessed by RT-PCR in response to the PhotoCORM alone or in combination with DOX
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Cultures of EC958 were treated with PhotoCORM (150 μM), alone or in combination with  doxycycline (9 μg/ml). A culture was also treated with doxycycline alone as a control. The expression of individual genes of interest relative to the housekeeping gene gyrA were then compared with untreated cells (n = 3 ± S.D.). A value of 1 indicates no change in gene expression relative to untreated cells, values >1 indicate upreguation and values <1 indicate down-regulation. For example, a 2- fold increase is given as 2, and a 2-fold decrease is given as 0.5.

[bookmark: _GoBack]4.3.7 Evidence for DNA damage by PhotoCORM in combination with DOX or CST
To seek other damaging effects of the PhotoCORM in combination with CST or DOX, we reassured expression of recA. The RecA protein forms part of the SOS response in bacteria, responsible for DNA repair (Little & Mount, 1982). In cells treated with DOX and the PhotoCORM, recA was up-regulated by almost 4-fold (Table 4.5), whereas neither compound alone significantly increased transcription (Table 4.5). Thus increased DNA damage caused by the combination of DOX and CST may contribute to the observed synergy. Treatment with PhotoCORM and CST showed only a modest up-regulation (1.8-fold) (Table 4.4) but this was significantly greater (p < 0.05) than treatment with either PhotoCORM (1.2-fold up-regulation) or CST (1.1-fold up-regulation) alone.
[bookmark: _Toc356530828]4.3.8 The effects of PhotoCORM and antibiotics on genes responsive to reactive oxygen species (ROS). 
Others have attributed the toxic effects of CORMs on bacteria to the generation of ROS (Tavares et al., 2011; Tavares et al., 2012) but we have previously shown that treatment of E. coli with CORM-3 (Davidge et al., 2009b), CO gas (Wareham et al., 2016), the present PhotoCORM (Tinajero-Trejo et al., 2016) or the manganese carbonyl complex CORM-401 (Wareham et al., submitted) do not significantly up-regulate the expression of genes involved in response to ROS. We therefore investigated whether combining sub-inhibitory concentrations of [Mn(CO)3(tpa-κ3N)]+ with antibiotics altered the expression of genes responsive to ROS (Tables 4.4 and 4.5), and found a 2.1-fold increase in sodA transcript level (encoding superoxide dismutase) following treatment with PhotoCORM and CST, whereas the increase was approximately 1.5-fold following treatment with the compounds individually (Table 4.4). In contrast, treatment of cells with DOX alone led to a 2-fold down-regulation of sodA (Table 4.5). Notably, when cells were treated with a combination of PhotoCORM and DOX, sodA was down-regulated 4-fold. The expression of ahpC, which encodes alkyl hydroperoxide reductase, the primary scavenger of endogenous hydrogen peroxide in E. coli, was up-regulated by 1.9-fold following treatment with PhotoCORM and CST, whereas expression was unaltered by treatment with each compound individually (Table 4.4). Collectively, these data do not support the view that the PhotoCORM elicits oxidative stress, but suggest that down-regulation of sodA and consequential sensitivity to ROS may contribute to the synergistic effects of DOX and PhotoCORM.
[bookmark: _Toc356530829]4.3.9 Activated PhotoCORM chelates iron and induces production of iron chelating substances by EC958. 
Treatment of EC958 with activated [Mn(CO)3(tpa-κ3N)]+ results in up-regulation of entE, which encodes an enzyme involved in enterobactin biosynthesis (See Chapter 3) and exposure of E. coli cultures to CO gas perturbs iron levels (Wareham et al., 2016). This led us to hypothesize that the title compound might trigger an iron starvation response in strain EC958. To establish whether transcript levels of iron acquisition genes were reflected in cell physiology, we performed CAS assays for siderophore activity (Schwyn & Neilands, 1987). The CAS dye is blue when bound to Fe (III) and becomes orange (decreased absorbance at 630 nm) when the iron reacts with a ligand of higher affinity. Cultures were grown to late exponential phase (OD600 ~ 0.8 -1), suspended in Tris-HCl buffer and then treated with the PhotoCORM or CO-depleted PhotoCORM (both at 300 µM) where appropriate, before illumination. Supernatants from these samples were then incubated with CAS assay solution for 1 h at room temperature and spectra recorded (Fig. 4.8 A). 
Supernatants from bacteria treated with the PhotoCORM then illuminated (Fig. 4.8 A, solid line) showed a significantly lower A630 value compared to that of the Tris buffer control (p < 0.0001, Fig. 4.8 A, dashed line), whereas the supernatant from control cultures not treated with the PhotoCORM (Fig. 4.8 A, dot-dash line) and the PhotoCORM illuminated in buffer (Fig. 4.8 A, dotted line) did not elicit a significant change. One explanation of these results is that activated PhotoCORM induces secretion of siderophores or other high-affinity Fe(III) ligands; another hypothesis is that activated PhotoCORM, or a subsequent breakdown product directly chelates iron. Although intact [Mn(CO)3(tpa-κ3N)]+ is unlikely to bind iron since the manganese tricarbonyl moiety occupies the binding pocket of the tpa coligand, upon illumination and subsequent CO loss, the manganese-tpa fragment or the tpa ligand liberated may bind iron. Alternatively, manganese may displace iron on the dye. To explore these possibilities, we investigated whether the free tpa ligand or a simple Mn(II) salt, in the form of manganese (II) perchlorate, were able to decrease absorbance in the CAS assay (Table 4.6). The Mn(II) salt (300 µM) did not reduce A630, either following illumination or when kept dark; however, high concentrations of tpa (1.5 mM) in the presence of cells did reduce A630 compared to that of supernatant alone but the difference was not significant (p < 0.1). Thus, the strong iron chelating capacity of supernatants from cells treated with the PhotoCORM and then illuminated is caused only in part by iron chelation by the tpa ligand, but to a greater extent by compounds such as siderophores that are produced by EC958 in response to the activated PhotoCORM. Interestingly, like [Mn(CO)3(tpa-κ3N)]+ ,the tpa ligand caused a larger decrease in absorbance at 630 nm when added in the presence of cells than it did when added to buffer alone, suggesting that tpa is also able to trigger production of iron chelating substances in cultures of EC958 (Table 4.6). Only a slight decrease in A630 was observed for cultures treated with CO-depleted PhotoCORM and for high concentrations of the PhotoCORM (1.5 mM) in Tris buffer kept in the dark, providing further evidence that the intact PhotoCORM does not chelate iron.


[image: ]

Fig. 4.8: PhotoCORM exacerbates growth inhibition in iron-restricted medium and triggers production of siderophore-like activity. In (A), culture supernatants were treated either with (solid line) or without (dot-dash line) the PhotoCORM (300 µM) before illumination at 365 nm for 6 min. Additional controls are the PhotoCORM (300 µM) illuminated in Tris-HCl buffer (dotted line), and Tris-HCl buffer only (dashed line). Samples were treated with CAS assay solution and the absorbance spectra recorded; decreased A630 nm indicates iron loss from CAS due to chelation by the sample. In (B to D), culture aliquots were shaken in a 96-well plate and supplemented with: (B) desferrioxamine; (C) 8- hydroxyquinoline; and (D) citric acid. Graphs show OD600 at 24 h. Black bars represent no PhotoCORM and grey bars are addition of activated PhotoCORM (150 μM). Bars are mean ± SEM of three biological repeats. *p < 0.05, **p < 0.01, ***p < 0.001 (Two-way ANOVA). 



Table 4.6 Iron chelation assays.[image: ]
Samples of PhotoCORM (+ = 300 µM, ++ = 1.5 mM), CO-depleted PhotoCORM (+ = 300 µM), DOX (+ = 9 µg/ml, ++ = 96 µg/ml), Mn(ClO4)2  (+ = 300 µM) or the ligand tpa (+ = 300 µM, ++ = 1.5 mM) were added to either Tris HCl buffer, 50 mM, pH 7.4 or to a suspension of EC958 in the same buffer. – indicates that this compound / condition was not present in this sample.  Samples were kept in the dark unless stated, in which case they were illuminated in situ at 365 nm for 6 minutes. Samples containing bacteria were then centrifuged (4000 rpm) and 500 µl supernatant was incubated at room temperature for 1 h with 500 µl CAS dye. A UV visible spectrum was then recorded for each sample (300 – 800 nm), the mean A630 value for each sample is shown here ± SD (n=3).



[bookmark: _Toc356530830]4.3.10 Iron chelation exacerbates the antimicrobial effects of PhotoCORM while iron supplementation reduces antimicrobial activity 
The ability of [Mn(CO)3(tpa-κ3N)]+ to trigger an iron starvation response in cells led us to hypothesise that iron chelators would exacerbate the antimicrobial activity of activated PhotoCORM. Bacteria were therefore grown with iron chelators having different stability constants for Fe(II) and Fe(III): desferrioxamine (log stability Fe(III) = 30.6), citric acid (log stability Fe(II) = 4.4 and Fe(III) = 11.4), or 8-hydroxyquinoline (log stability Fe(II) = 15 and Fe(III) = 26.3) (Ihnat et al., 2002; Pirt, 1985). While treatment of cells with the activated PhotoCORM alone (150 μM) did not cause significant reductions in cell growth compared to untreated cells (Fig. 4.8 B-D), growth was significantly inhibited when it was combined with desferrioxamine (Fig. 4.8 B), 8-hydroxyquinoline (Fig. 4.8 C) or citric acid (Fig. 4.8 D) (p ≤ 0.001). To test the effect of the converse treatment, i.e. provision of additional iron, EC958 cultures were grown in either normal or Fe-supplemented media (10-fold or 50-fold increase in Fe (III)) in the presence or absence of the activated [Mn(CO)3(tpa-κ3N)]+ (250 μM). Iron supplementation of the medium reduced the antimicrobial activity of the PhotoCORM (Fig. 4.9).
Having shown that iron starvation is a major player in the antimicrobial activity of [Mn(CO)3(tpa-κ3N)]+, we measured intracellular iron levels in EC958 cells treated with the activated PhotoCORM (300 μM, 30 min) via ICP-MS: intracellular iron levels were 60 % lower following treatment with the PhotoCORM compared to untreated cells, (183.1 μM and 459.0 μM respectively) confirming the ability of the title compound to deplete intracellular iron.
[bookmark: _Toc356530831]4.3.11 The role of iron in the combined antimicrobial activity of DOX and PhotoCORM. 
Suppression of bacterial growth by tetracyclines may in part be caused by iron limitation (Miles & Maskell, 1985; Miles & Maskell, 1986) while high iron levels block the accumulation of tetracyclines (Avery et al., 2004). Tetracyclines chelate iron and lower DOX concentrations are required to inhibit bacterial growth in low iron environments (Grenier et al., 2000). We therefore investigated whether a combination of DOX and [Mn(CO)3(tpa-κ3N)]+ exacerbated iron chelation (Table 4.6). Addition of DOX (96 µg/ml) to buffer significantly reduced the A630 of CAS compared with buffer alone (p < 0.005), but a lower DOX concentration did not. Interestingly, DOX addition to a culture elicited a greater reduction in A630 than addition to buffer (p < 0.05), although this difference was not significant at the lower concentration of DOX used. Thus metal chelation by high concentrations of DOX may also cause secretion of iron chelating substances such as siderophores by strain EC958. Interestingly, a low concentration of DOX (9 µg/ml) with activated PhotoCORM (300 µM) caused a greater decrease in A630 than treatment with either compound alone (p < 0.1 compared to DOX in buffer 
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Fig. 4.9: Iron supplementation of growth media reduces the toxicity of the activated PhotoCORM. Cells were grown in DMM (), or DMM supplemented with 10-fold  (), or 50-fold () excesses of Fe (III). Cells were treated with light-activated 250 μM PhotoCORM in DMM () or DMM supplemented with 10-fold () or 50-fold () excesses of Fe (III). Bars are mean ± SEM of three biological repeats.
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Fig. 4.10: Iron supplementation reverses the combined toxicity of DOX and light-activated [Mn(CO)3(tpa-κ3N)]+. Cells were grown in DMM (A), or media supplemented with 10-fold (B), or 50-fold (C) excesses of Fe III. In (A), (B) and (C) are shown cells in media alone (), 200 μM activated PhotoCORM (), DOX (24 μg/ml; ), and activated PhotoCORM plus DOX (). Controls with no additions (D) are: cells grown in DMM (), and 10-fold (), and 50-fold () excesses of Fe(II). Bars are mean ± SEM of three biological repeats.


alone and p < 0.05 compared to PhotoCORM in buffer alone). We conclude that [Mn(CO)3(tpa-κ3N)]+, or rather its solution products, and DOX each inhibit bacterial growth by chelating iron, explaining in part why these compounds act synergistically. 
The effect of Fe (III) supplementation on the synergistic effects of activated PhotoCORM and DOX was studied in bacterial cultures (Fig. 4.10). EC958 cells were grown ineither minimal medium or medium supplemented with either 10-fold or 50-fold excess of Fe (III). Cells were treated with DOX (24 μg/ml) and/or activated PhotoCORM (200 μM), which in medium without Fe supplementation, did not individually give an MIC but, when combined, an MIC was reached. Bacteria treated with activated PhotoCORM (200 μM) and DOX (24 μg/ml) in normal medium showed, as expected, a prolonged and complete growth inhibition (Fig. 4.10 A). However, in medium supplemented with 10-fold more Fe, sustained growth inhibition was not observed (Fig. 4.10 B). This reversal of inhibition was more pronounced when 50-fold excess Fe was included in the medium (Fig. 4.10 C). Cells started to recover at 14 h, reaching a similar OD600 to that of untreated cells at 24 h. Fig. 4.10 D shows little difference in the growth of EC958 in minimal media with or without iron supplementation. Thus iron chelation is critical in the observed synergy between the two antimicrobials. 
[bookmark: _Toc356530832]4.3.12 CO gas does not elicit iron-chelating activity and is unable to potentiate antimicrobial activity of DOX in EC958 
CO gas triggers an iron starvation response in anaerobic E. coli MG1655 cells, leading to the up-regulation of numerous iron acquisition genes and siderophore-like activity (Wareham et al., 2016). Since [Mn(CO)3(tpa-ĸ3N)]Br releases two CO groups per molecule upon illumination, we investigated the role of CO in siderophore production in aerobically grown EC958. The CAS assay was repeated but cells were bubbled with CO gas (5 min) alone (A630 = 0.71 ± 0.04), or in the presence of 300 µM tpa and Mn(ClO4)2 (A630 = 0.57 ± 0.02) and the supernatant from these cultures added to the CAS reagent. There was no significant difference (p > 0.05) in A630 between samples treated with CO and the samples without CO treatment (A630 = 0.67 ± 0.02), suggesting that CO does not contribute to production of iron-chelating molecules in response to [Mn(CO)3(tpa-κ3N)]Br.  When strain EC958 was treated with increasing concentrations of DOX (12 – 96 μg/ml) and CO saturated solution (400 μM), CO did not potentiate the antimicrobial activity of DOX (Fig. 4.11). The MIC of DOX with or without CO remained at 96 μg/ml.
[bookmark: _Toc356530833]4.4 Discussion 
The increase in prevalence of antibiotic resistance and multi-drug resistant strains has attracted the use of combination therapy to treat infections. There are a few examples of 
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Fig. 4.11: CO gas does not increase the inhibitory effect of DOX against EC958 cells. Cultures grown in glucose DMM were treated with increasing concentrations of DOX in the absence () of presence () of 600 µM CO saturated solution. OD600 of cultures were recorded after 24 h of aerobic incubation at 37 °C, 200 rpm. Bars represent SEM of three biological repeats. 




CORMs used not only in isolation but also in combination with other antibiotics as adjuvants. CORM-2 was shown to be able to kill metronidazole-resistant H. pylori strains and sub-inhibitory concentrations of CORM-2 potentiated the activity of metronidazole, amoxicillin and clarithromycin (Tavares et al., 2013). At least, a two-fold decrease of the MIC for metronidazole by CORM-2 was observed in all tested clinical isolates. A combined exposure of the two drugs resulted in a substantial reduction in viability (∼4-log), compared to treatment with each compound alone. A decreased survival of H. pylori in macrophages was also recorded as a result of combination therapy (~98 % decrease) as opposed to isolated treatment with CORM-2 or metronidazole (~30 %). Another study also reported CORM-2 potentiating the action of tobramycin against P.aeruginosa (Murray et al., 2012). Recent work from our lab has shown CORM-2 potentiating the effects of DOX and CTX (3- fold reduction in MIC) and to some extent, trimethoprim (TR). At the time of carrying out this work, no examples of PhotoCORM being used as adjuvants to antibiotics could be found. As such, the current work is the first comprehensive study of synergy between a range of antibiotics and a PhotoCORM.
 Here we showed that the activated PhotoCORM potentiated the activity of several antibiotics, including GEN (2-fold reduction of MIC), KAN (2- fold reduction), and most dramatically, CST (8- fold reduction) and DOX (3- fold reduction) (Fig. 4.1). GEN is used to treat UTIs where significant renal impairment exists or where CTX-M ESBL producing E. coli exist (Pallett & Hand, 2010). The ability of the compounds such as PhotoCORM to decrease the amount needed to achieve an MIC against the multi-drug resistant strain EC958 may have clinical relevance in future. Since DOX and CST showed the most promising results with PhotoCORM, further studies were carried out with these antibiotics. Checkerboard experiments confirmed synergistic interactions between the activated PhotoCORM and DOX. Other tetracyclines such as OTC and TET showed an additive effect with the activated PhotoCORM. Reasons for such differences could be because the MIC for DOX is much lower than OTC and TET and perhaps a degree of sensitivity is required for synergy to be seen. Indeed when a strain sensitive to OTC and TET was used, namely E. coli MG1655, synergy was seen between the compounds. Another explanation is that DOX has been reported to have stronger iron chelating ability than OTC and TET (Fiori & Van Dijck, 2012). Since iron chelation is proposed to be a key contributor to the synergy, the stronger iron-chelating ability of DOX is correlated with its stronger synergy with PhotoCORM (discussed in more detail later). 
The EC958 genome assembly contains a large plasmid known as pEC958, which consists of a variety of resistance genes including tetA (Totsika et al., 2011).  Bacterial resistance to tetracyclines is normally facilitated by energy dependent efflux of tetracycline out of the bacterial cell. The tetA gene encodes one such efflux pump (Chopra & Roberts, 2001). RT-PCR experiments demonstrated that EC968 cells treated with DOX showed an upregulation of tetA, as expected (by over 40 –fold). This goes hand in hand with the resistance of EC958 against DOX. However, when EC958 cells were treated with a combination of doxycycline and PhotoCORM, the level of tetA upregulation was much lower (only 18-fold upregulation), a difference of over 2-fold between the two conditions. This suggests that the activated PhotoCORM impairs the activity of the TetA pump and therefore the cells may not be pumping out the doxycycline to the same extent. This may lead to an increased intracellular accumulation of DOX, and increased toxicity against EC958 cells in the presence of the activated PhotoCORM.
Checkerboard experiments also confirmed synergistic interactions between the activated PhotoCORM and CST. The MIC of CST was reduced 8-fold by PhotoCORM (Table 4.2). CST is an antibiotic of last resort and intravenous therapies with polymyxins such as CST have been used to treat complicated infections caused by Gram-negative bacteria, especially ESBL-producing strains (Pallett & Hand, 2010; Parchuri et al., 2005). Worryingly, bacteria resistant to CST have been identified in both people and livestock in China, with evidence of plasmid-mediated resistance, encoded by the mcr-1 gene (Liu et al., 2016).  Several groups have since reported the presence of colistin-resistant isolates across Asia to Europe (Arcilla et al., 2016; Falgenhauer et al., 2016; Malhotra-Kumar et al., 2016; Olaitan et al., 2016). A compound that works synergistically with CST therefore has potential when treatment options are limited by not only reducing the amount of CST needed but also by avoiding or delaying antibiotic resistance. 
We wanted to test whether the activated PhotoCORM also showed synergy with other compounds that like CST, also disrupted membranes. PhotoCORM was shown to work synergistically with PMB and LL37, both membrane disruptors. This led us to hypothesise that the reason behind the observed synergies may be because: 1) membrane disruptors might increase intracellular accumulation of the PhotoCORM, thus causing increased toxicity or, 2) Activated PhotoCORM itself disrupts membranes and synergy is due to increased membrane damage. Metal uptake analysis of cells treated with PhotoCORM +/- several antibiotics including CST and DOX showed no increased intracellular accumulation of Mn in the presence of antibiotics and therefore no increased uptake of the PhotoCORM (Fig. 4.4 and Table 4.3). Complications arise when carrying out metal uptake studies with compounds that disrupt the cell membrane as the PhotoCORM could leak out of the cell during the experiment and therefore affect results. EC958 also has several multi-drug efflux systems which means that the PhotoCORM could be reaching the intracellular space but be effluxed out of the cells (Totsika et al., 2011). We then investigated whether the PhotoCORM itself was able to damage membranes. Leakage of a fluorescent dye, carboxyfluorescein from liposomes was one of the techniques used to measure membrane damage (Fig. 4.6). PhotoCORM caused damage to liposomes composed of DOPG (overall negative charge) and a mix of DOPE-DOPG mix (more neutral charge). Interestingly, both PhotoCORM in the dark or illuminated were able to damage DOPG liposomes but only the activated PhotoCORM was able to damage DOPE:DOPG liposomes. This suggests that negatively charged DOPG liposomes are more susceptible to damage by the non-activated PhotoCORM. The membrane charge may be an important factor since upon CO loss following photoactivation, the manganese(I) centre can get oxidised to the +II or +III stage while the tpa ligand remains coordinated to the metal. Activated PhotoCORM caused increased damage, even in the case of DOPG liposomes. This might explain why synergy is seen with CST with the activated PhotoCORM but not with PhotoCORM in the dark (Fig. 4.2).  Then, the ability of the PhotoCORM to depolarise cytoplasmic membrane was assayed using the membrane potential sensitive dye diSC3(5).  Results were also confirmed by such membrane depolarisation assays, which showed that the PhotoCORM caused an increase in fluorescence in a dose-dependent manner (Fig. 4.7). The diCS3(5) dye, under the influence of membrane potential,  is concentrated in the cytoplasmic membrane and self-quenches its fluorescence. When the cytoplasmic membrane is disrupted, or channels are formed, the probe is released outside the cell, causing an increase in fluorescence. The membrane depolarisation assays therefore support the hypothesis that the PhotoCORM itself is able to damage membranes.
Previously, we have shown that treatment of EC958 cultures with PhotoCORM does not significantly affect the expression of genes involved in response to ROS, such as sodA (encoding superoxide dismutase) and katG (encoding catalase). As part of our current investigation, we extended this inquiry to establish whether combining sub-inhibitory concentrations of PhotoCORM with the antibiotic(s) CST or DOX altered the expression of genes responsive to ROS (Tables 4.4 and 4.5). The results showed that generation of ROS is not a major mechanism of toxicity in E. coli cultures treated with PhotoCORM and CST. The downregulation of sodA following treatment of cells with DOX and PhotoCORM could however have implications on cell toxicity. Superoxide dismutases protect from the dangerous effects of reactive oxygen species (ROS) by catalysing the conversion of superoxide radicals (•O2 ¯) into hydrogen peroxide and oxygen. An implication of the downregulation of sodA therefore is that the capability of SOD to scavenge free oxygen radical superoxide (O2-) would be reduced when its activity is decreased by a combination of DOX and PhotoCORM. This may be one of the reasons why increased growth inhibition is seen when DOX is combined with PhotoCORM.
[bookmark: _Toc356530834]4.4.1 Induction of siderophore production and iron chelating properties of PhotoCORM and DOX
In this work we show that addition of iron chelators to media potentiates the activity of PhotoCORM against EC958 and that conversely, supplementation of media with iron reduces the growth inhibitory effects of this compound. This led us to hypothesise that PhotoCORM may inhibit bacterial growth in part by promoting a low iron environment. Indeed, we show that iron levels inside EC958 cells treated with sub-inhibitory doses of PhotoCORM are 60% lower compared to untreated cells and that PhotoCORM is able to chelate iron and trigger the secretion of iron chelating substances from EC958. 
[bookmark: OLE_LINK1]The CAS asays showed that supernatants from bacterial suspensions treated with the PhotoCORM and then activated in situ showed a significantly lower A630 value compared to that of the Tris buffer control, whereas the PhotoCORM activated in Tris-HCl buffer in the absence of cells did not illicit a significant change (Fig. 4.8 A and Table 4.6). An explanation for these results is that activated PhotoCORM induces secretion of siderophores or other high-affinity Fe chelating agents that are able to sequester iron. Indeed, bacteria colonizing the urinary tract face extremely low iron availability; consequently, UPEC strains such as EC958 express a wide variety of iron acquisition systems, such as siderophore production, in order to survive inside the host (Yep et al., 2014). The upregulation of entE, which encodes a polypeptide necessary for the biosynthesis of the siderophore, enterobactin (Staab et al., 1989) in the presence of activated PhotoCORM provides further evidence of siderophore production in response to PhotoCORM (See Chapter 3). 
The ability of iron chelators such as desferrioxamine, citric acid and 8-hydroxyquinoline to potentiate the antimicrobial activity of PhotoCORM also supports the idea that the activated PhotoCORM elicits its toxicity to cells by creating an iron-starved environment (Fig. 4.8). Indeed, supplementing defined minimal medium with 10X and 50X Fe(III) protected EC958 cells from the effects of the activated PhotoCORM. It is well established that tetracyclines can chelate iron (Avery et al., 2004; Grenier et al., 2000; Miles & Maskell, 1985) and that tetracyclines such as DOX and minocycline (MIN) are more effective in iron-restricted environment (Avery et al. 2004) (Avery et al., 2004). The action of tetracycline antibiotics against malaria inducing P. falciparum infections is inhibited by iron in vitro (Pradines et al., 2002). In the present work we show that the antibacterial activity of doxycycline is enhanced in the presence of PhotoCORM and hypothesise that this is due in part to the combined iron-chelating properties of these two compounds. The CAS assay revealed that supernatants of cells treated with 96 μg/ml DOX (MIC) showed A630 readings that were significantly lower than untreated cells. Although supernatants of cells treated with 9 μg/ml DOX (~10 fold lower than MIC) only showed a slight decrease in A630 readings, when combined with activated PhotoCORM, this was reduced significantly (p < 0.0001).  
Other studies have also identified iron depletion as reason for synergy between other compounds and DOX. DOX was found to convert fluconazole, an antifungal, from fungistatic to fungicidal against Candida albicans (Fiori & Van Dijck, 2012). DOX-mediated growth inhibition was reversed by external addition of ferric iron, therefore indicating interference with iron homeostasis as a reason for synergy. The group also confirmed old literature on the iron-chelating ability of DOX by performing colorimetric assays as described by this chapter. They showed that both TET and DOX chelate iron, with DOX showing higher affinity. The stronger iron-chelating ability of DOX correlated with its stronger synergy with fluconazole. Another example is the ability of a catechol iron chelator, FR160, to potentiate the activity of DOX against Plasmodium falciparum (Pradines et al., 2002). DOX showed clear synergy with FR360 whereas minocycline, tetracycline and oxytetracycline showed additive interactions.
[bookmark: _Toc356530835]4.4.2 The role of CO in synergy with antibiotics
Growth curves performed with the PhotoCORM at various stages of activation, with or without antibiotics can be seen in Fig. 4.2. The results demonstrated that CO-depleted PhotoCORM was able to potentiate the activity of CST to the same extent as activated PhotoCORM. This implies that the role of CO for synergy with antibiotics is minimal and highlights the importance of the metal ligand in CORM toxicity. Similarly, cells treated with non-illuminated PhotoCORM, i.e. no release of CO, also showed some potentiation of DOX against EC958 (Fig. 4.2). Cells treated with CO gas and DOX on the other hand showed no combined effect. These findings are similar to those found in other studies. For example, Wareham et al., 2016 reported no effects, neither protection nor potentiation, between CO and antibiotics (Wareham et al., 2016). 
All in all, the results in this study suggest the absence of any CO-mediated effects in the findings presented in this work. This suggests a "Janus-headed" activity of the title compound, where the Mn(tpa) fragment may act as a carrier system for up to three CO ligands with subsequent CO binding to terminal oxidases and respiratory inhibition, whereas the carbonyl ligands also act as photo labile "protective groups", which prevent the biological activity of the Mn(tpa) fragment while coordinated. (Fig. 4.12).
[bookmark: _Toc356530836]4.5 Conclusions.
This is the first comprehensive investigation of synergy between a photoactivatable CO-releasing molecule and antibiotics. We show that [Mn(CO)3(tpa-κ3N)]+ potentiates the antibacterial activity of tetracycline and polymyxin antibiotics. Multifactorial effects are evident. First, the PhotoCORM disrupts membranes, leading to the reduced MIC of the combined treatments. Second, the PhotoCORM or, more likely, the products of photoactivation, but not CO, chelate iron and trigger an iron starvation response in strain EC958, including the production of siderophore-like activity. The observed synergy presumably reflects the iron-chelating activity of both the PhotoCORM and tetracyclines. Third, reduced expression of the tetA gene encoding a tetracycline efflux pump may contribute to the synergy observed. 
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Fig. 4.12: The "Janus-headed" activity of [Mn(CO)3(tpa-k3N)]+. The title compound has multi-faceted properties, in which either the Mn(CO)3 moiety acts as a photolabile protective group for the tpa ligand (left) or the Mn(tpa) fragment as a carrier for carbon monoxide (right).


[bookmark: _Toc356530837]Chapter 5 - Interaction of the carbon monoxide-releasing molecule Ru(CO)3Cl(glycinate) (CORM-3) with Salmonella enterica serovar Typhimurium: in situ measurements of CO binding by integrating cavity dual beam spectrophotometry
[bookmark: _Toc356530838]5.1. Introduction
CO is an odourless, poisonous gas that binds avidly to ferrous haems, thus inhibiting respiration (Keilin, 1966). CO is also endogenously produced by haem oxygenases (Motterlini & Foresti, 2014), and modulates key vasodilatory, anti-inflammatory, anti-apoptotic and cytoprotective effects  (Boczkowski et al., 2006).  However, issues surrounding safely handling and administering CO gas (Mann & Motterlini, 2007) have prompted the synthesis and use of CO- releasing molecules (CORMs). A wide variety of CORMs are now available with differing rates, conditions and kinetics for CO release (Desmard et al., 2012; Mann, 2010; Schatzschneider, 2011). The first water-soluble CORM to be synthesized is a ruthenium based compound Ru(CO)3Cl(glycinate), known as CORM-3 and it is amongst the best studied CORMs with regard to its antimicrobial activity. CORM-3 is relatively stable in water or buffer alone (Desmard et al., 2012), but releases CO with a half-life of ~2 min in the standard myoglobin assay, although the sodium dithionite used for globin reduction has been shown to be essential for rapid CO release (McLean et al., 2012). It has broad-spectrum activity and is bactericidal against Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa (Davidge et al., 2009b; Desmard et al., 2009; Nobre et al., 2007; Wilson et al., 2013). The antimicrobial capabilities of other CORMs such as CORM-2, from which CORM-3 is derived, has been determined by the injection of CORM-2 into haem-oxygenase (HO-1)-deficient and WT mice after the onset of polymicrobial sepsis (Chung et al., 2008). CORM-2 rescued HO-1-deficient mice from sepsis-induced lethality via increased phagocytosis.   
Despite numerous studies, the mechanism of toxicity of CORMs is poorly understood. Several studies have found that many CORMs accumulate in bacteria at high levels (Davidge et al., 2009b; Jesse et al., 2013; McLean et al., 2013; Nobre et al., 2007) and cause membrane damage (Wilson et al., 2015); interact with thiol compounds and proteins (Jesse et al., 2013; McLean et al., 2013). Recent studies of CORM-3 suggest alternative, non-haem targets, eliciting toxicity to haem-deficient E. coli even though haem is known to be the classical target of CO (Wilson et al., 2015). These effects caused by CORM-3 are not seen with CO gas and although the precise mechanism is not known, there is a strong case for CO not being the sole cause of toxicity to bacteria.  On the other hand, it has also been suggested that CORMs exert their toxicity by localising high concentrations of CO directly to intracellular targets, such as haem proteins, in a more effective way than the free CO gas. This is known as the Trojan Horse hypothesis and is facilitated by the fact that high concentrations of CORMs are accumulated by cells, thus providing high local concentrations of CO gas (Wilson et al., 2013). CO from CORMs has been shown to bind to terminal oxidases in a wide range of bacteria and a role of inhibition of respiration by CO has been suggested (Davidge et al., 2009b; Desmard et al., 2012; Jesse et al., 2013; Smith et al., 2011). 
Salmonella enterica serovar Typhimurium is an enteropathogen, which causes gastroenteritis in humans. It is able to proliferate effectively in macrophages where it is subjected to oxidative and nitrosative stress imposed upon by the body’s immune system (Vazquez-Torres & Fang, 2001a; Vazquez-Torres & Fang, 2001b) by utilising a range of mechanisms for sensing and resisting such stresses (Farr & Kogoma, 1991). More recent studies have demonstrated the importance of HO-1, which breaks down haem into CO, free iron and biliverdin, contributes to host response in combating salmonellosis (Zaki et al., 2009). Another study found that either HO-1 induction or CO administration (via CORM ALF186) prevented colonic inflammation and enhanced bacterial killing (Onyiah et al., 2013).
Prior to use in clinical settings, it is essential for us to fully understand the direct interaction between CORMs and their bacterial targets. In this chapter, we aimed to characterise the effects of CORM-3 against S. Typhimurium via growth, viability and metal uptake studies. The main focus of this work was to overcome common issues with standard dual-wavelength spectroscopy when visualising the binding of CO released from CORM-3 to the terminal oxidases in bacteria. We show for the first time how CO released from CORM-3 binds to the terminal oxidases of growing S. Typhimurium cultures in real time, under physiological conditions. Whole cell spectra of S. Typhimurium were recorded on the Olis CLARiTY dual-wavelength spectrophotometer, which utilises integrating cavity absorption meter (ICAM) and allows for increased sensitivity and spectral resolution. Comparisons were made with spectra obtained from a standard dual-wavelength spectrophotometer and the results provide a method by which in situ measurements of CO binding can be made without compromising the quality of the spectra.
[bookmark: _Toc356530839]5.2 Results
[bookmark: _Toc356530840]5.2.1 CORM-3 inhibits growth and reduces viability of S. Typhimurium in a concentration dependent manner.
The antimicrobial activity of CORM-3 against S. Typhimurium was determined by growth studies where cultures were grown to mid-exponential phase in glucose supplemented Evans media, to which CORM-3 was added (0, 25, 50, 75 or 100 μM). The turbidity was monitored for another 14 h to determine effects on growth. Fig. 5.1 A shows a dose-dependent effect of CORM-3 on S. Typhimurium cells, with the lowest concentration, 25 μM, causing a transient inhibition and 100 μM causing severe growth inhibition.  Growth recovery was seen at 
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Fig. 5.1: CORM-3 has a dose-dependent effect on the growth and viability of S. Typhimurium. Salmonella cultures were grown in glucose supplemented Evans media in 250 ml side-arm flasks. Once cells reached an optical density of 40 Klett units (early exponential phase), they were treated with increasing amounts of CORM-3 (25 to 200 μM). (A) Shows growth curves of cells treated with CORM-3, up to 14 h post –treatment. (B) Shows effect of CORM-3 on the viability of S. Typhimurium cells. % Cell survival calculated by dividing CFU/ml of cells treated with CORM-3 at each time point by CFU/ml of cells prior to treatment and converting them to percentages. Bars represent SEM of three biological repeats. 


14 h post-treatment, although cells treated with 75 μM and 100 μM did not recover to the same extent as untreated cells. To further assess the effects, viability studies were performed with cells treated with a range of CORM-3 concentrations (75 to 200 μM) (Fig. 5.1 B). As with the growth, viability also decreased with increasing CORM concentration, with viability decreasing to ~3% within 5 min of exposure to 200 μM CORM-3. This decreased even more so to only 0.01% by 180 min post-treatment. These results show that CORM-3 is a potent antimicrobial against S. Typhimurium. 
[bookmark: _Toc356530841]5.2.2. CORM-3 is rapidly taken up by growing S. Typhimurium cells.
One possible reason behind the observed toxicity could be that CO is released from the metal carbonyl, either extracellularly, through reaction with sulfites or other ligands present in the medium, as proposed previously by McLean et al and that this liberated CO then diffuses into the cell’s intracellular targets (McLean et al., 2012). Alternatively, as is true for E. coli, high levels of CORM-3 may enter cells and release CO (Davidge et al., 2009b). To test whether CORM-3 can spontaneously release CO in various media, we utilized the oxyhaemoglobin assay, which unlike the myoglobin assay, does not require dithionite for reduction (McLean et al., 2012).  The results showed that addition of CORM-3 did not result in the formation of the spectrally distinct carbonmonoxyhaemoglobin in buffer, Circlegrow rich medium or Evans defined minimal medium (Fig. 5.2 A to C). Interestingly, the addition of CORM-3 to oxyhaemoglobin in LB medium oxidised the oxyhaemoglobin to its ferric form (Fig 5.2 D, green line). These results show that CO is not released in media regularly used in the lab and so when cells are treated with CORM-3, it is more likely that CO is released upon entry of CORM-3 into cells. 
To determine whether CORM-3 was taken up by S.Typhimurium cells, metal uptake analyses for ruthenium (Ru) were performed (Fig. 5.3). Since Ru is not naturally present in bacterial cells, analysing intracellular Ru content upon treatment with CORM-3 will unambiguously report the presence of the compound. Cells were grown to mid-exponential phase before treatment with CORM-3 (40 μM) and samples were taken at several time points over 80 min.  After just 2.5 min post treatment, Ru levels in cells reached 300 μM, increasing to ~ 550 μM, signifying an intracellular accumulation of ~ 14 times the level added to the medium (Fig. 5.3).  These results show that although CO from CORM-3 is not released extracellularly in the medium, it is clear that CORM-3 itself accumulates in the cells.
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Fig. 5.2: CORM-3 fails to liberate CO spontaneously in biological media. CORM-3 (6 M) was added to (A) Evans medium, (B) Circlegrow rich medium, (C) phosphate-buffered saline and (D) LB medium containing 10 M oxyhaemoglobin (Hb). In each panel, the black absolute spectrum is the reduced Hb in its oxyferrous form, the green is the spectrum obtained after treatment of the globin with CORM-3, and the red spectrum is that produced by treatment of the globin with CO gas. Note the failure of CORM-3 to convert oxyhaemoglobin into the carbonmonoxy form. In (D), the inset shows a comparison of the CORM-3 treated globin with that produced on oxidation with ferrihaemoglobin, showing that CORM-3 oxidises oxyhaemoglobin in LB medium.
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Fig. 5.3: S. Typhimurium cells rapidly take up CORM-3. Cultures were grown in Evans medium to an OD600 ~ 0.4 before addition of CORM-3 (40 μM). Cell samples were taken prior to and at various time points after CORM-3 addition for quantification of their Ru content. Dotted line represents extracellular final concentration of CORM-3 added (40 μM). Bars represent SEM of three biological repeats.



[bookmark: _Toc356530842]5.2.3 CO released from CORM-3 is able to bind terminal oxidases of S. Typhimurium
In order to determine whether CO from CORM-3 is released inside S. Typhimurium, and therefore binding to haem proteins in cells, the standard method of choice is visible spectroscopy. In a standard dual-beam spectrophotometer, a focused beam of light is greatly scattered by turbid samples, allowing only a small percentage of light to pass through to the detector, therefore confounding spectral assays and giving rise to lower spectral resolution (Fig. 5.4 A). Nevertheless, dual-wavelength spectrophotometers have played vital roles in studies of cells, membranes, mitochondria and tissues with unfavorable turbidity (Poole & Kalnenieks, 2000).  Here, cells were grown to an OD600 of 0.6, harvested, washed twice and resuspended in PBS to give highly turbid bacterial samples with at OD600 of ~50. Difference spectra were taken, whereby cells reduced with dithionite served as baseline against spectra of reduced cells treated with 100 μM CORM-3 (Fig. 5.4). In Fig. 5.4A, a conventional dual-beam scanning spectrophotometer with a 1 cm path length cuvette was used, and a focused beam of light was  directed at the cuvette containing the highly turbid sample.  Several studies have shown that this set up can be used to scan turbid bacterial cultures and produce spectral data on CO binding to haem containing terminal oxidases of the bacterial electron transport chain (Davidge et al., 2009b; Jesse et al., 2013; Poole & Kalnenieks, 2000). 
Several methods have been employed to increase recovery of the scattered light including placement of the sample cuvette into a reflective integrating sphere (Nelson & Prezelin, 1993) or by placing the detector directly adjacent to the sample holder (Kalnenieks et al., 1998). The method of choice in this study was to use a reflective spherical chamber, known as the integrating cavity absorption meter (ICAM), in which scattered light is reflected within the chamber until it reaches the detector, which is placed directly adjacent to the flask (Elterman, 1970; Fry et al., 1992; Hodgkinson et al., 2009; Javorfi et al., 2006). We employed a novel commercial system called the Olis dual-beam spectrophotometer in CLARiTY mode, developed to have two corresponding highly reflective flasks (a reference and a sample chamber), allowing dual-wavelength measurement of highly turbid samples, with greatly enhanced sensitivity and spectral resolution (Fig. 5.4 B). In this case, not only did the scatter minimally affect the signal but also led to increased sensitivity due to the enhanced path length (by up to 30-fold) owing to the reflectance of the ICAM. When S. Typhimurium cells were scanned using this apparatus, characteristic peaks of CO binding to terminal oxidases and its corresponding troughs signifying loss of reduced cytochrome could be visualized with increased resolution, especially in the α/β region of the spectrum (Fig. 5.4 B).  Fig. 5.5 shows the spectral changes over time once CORM-3 was added to reduced cells. Within 30 sec of CORM-3 addition, there was appearance of the spectrally distinct α-band with a peak at 648 nm and a trough at 628 nm. There is the formation of a ‘W’ shape in the Soret region (peak at 438 nm and a trough at 445 nm), and a peak at around 540 nm is also seen. These spectral characteristics are 
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Fig. 5.4: The Olis dual-wavelength spectrophotometer overcomes issues with light scattering and resolution found in a standard dual-wavelength scanning instrument. (A) In a standard dual-wavelength spectrophotomer, the incoming beam of light is highly scattered by turbid samples, resulting in only a fraction of the light reaching the detector. The result is lower spectral resolution of CO binding to terminal oxidases, as shown by the CO difference spectrum. In the Olis CLARiTY (B), the use of a highly reflective flask allows the incoming beam to be reflected maximally by the sample in such a way that all of it reaches the detector positioned directly adjacent to the flask. This means scatter minimally affects the signal in turbid samples and the increased path length (up to 30 – fold) results in greater sensitivity to changes in the terminal oxidases of S. Typhimurium cells. CO difference spectra (CO reduced minus reduced) from the same S. Typhimurium sample (resuspended in PBS and OD600 ~ 50) taken in each instrument.
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Fig. 5.5: CO released from CORM-3 binds to the terminal oxidases of S. Typhimurium in a time-dependent manner. (A) Cultures grown to mid-exponential phase in LB, were harvested, washed and resuspended in PBS to a final OD600 ~50. Cells were reduced with dithionite and injected into the sample and reference CLARiTY chambers. Difference spectra (CO reduced minus reduced) were taken at regular intervals after the addition of CORM-3 (100 μM). (B) Difference between the peak at 432 nm and the trough at 457 nm from (A) plotted against time. Bars represent SEM of three biological repeats.



consistent with CO binding to cytochromes described in other studies (Borisov, 2008) and is discussed in more detail later. These spectral characteristics quickly intensify over time, before becoming fully resolved within a few minutes upon CORM-3 addition, thereby showing that CO released from CORM-3 is able to reach its intracellular targets rapidly. The kinetics of the appearance of the CO-bound form to haems of the bacterial terminal electron transport chain was apparently first order, with k =2.12 min-1 (Fig. 5.5 B). 
[bookmark: _Toc356530843]5.2.4 Olis dual-beam rapid scanning monochromator in CLARiTY mode detects CO binding to terminal oxidases of growing S. Typhimurium cultures
As mentioned previously, enhanced sensitivity when scanning highly turbid samples has its many advantages but we wanted to test the limits of detection even further.  The turbidity of cultures is critical in conventional dual-wavelength spectrophotometer with the risk of increased noise and reduced sensitivity occurring with even slight changes. Here, we examined the sensitivity of the dual ICAM system by serially diluting reduced cells from OD600 ~50 down to ~5 and recording CO difference spectra of the samples at each OD upon treatment with 100 μM CORM-3 and incubation for 5 min (Fig. 5.6).  Although we observed a reduction in the amplitude of peaks and troughs signifying CO binding to haem with more dilute samples, all spectral characteristics could still be observed even at OD600 as low as ~5 (Fig. 5.6 inset).  Our next step was to test whether we could successfully visualise CO binding to terminal oxidases of growing cells, without the need for harvesting as Salmonella cultures can reach OD600 of 5 and higher when grown in complex media.  We therefore grew cultures in Circlegrow rich medium and when they reached OD600 of 5-6, reduced them with dithionite and transferred them directly into the ICAMS. CORM-3 (100 μM) was added to cells in sample chamber and incubated for 15 mins before CO-difference spectra were recorded (Fig. 5.7). 
Fig. 5.7 A shows CO binding to the terminal oxidases of a growing Salmonella culture. We can see that upon addition of CORM-3, there is an immediate formation of a ‘W’ shape in the Soret region with a peak at 421 nm, a trough at 433 nm and another trough at ~ 445 nm in the CO difference spectra. This intricate shape of the Soret region induced by CO ligation has several complex explanations, even for pure cytochrome bd (Borisov et al., 2001).  A blue shift of the ferrous haem d ϒ- band gives rise to a band near 400 nm (because of CO-bound haem d, not very well resolved here) and a broad minimum centred ~423 nm (decrease in free haem d) with an inflection at 420 nm.  A sharp ‘first derivative shaped’ feature with a peak at 436 nm and a trough at 444 nm overlaps the ‘W’ shape. This is the result of perturbation of the haem b595 band at 440 nm and is induced by CO ligating to haem d (Borisov et al., 2001).  The peak in the difference spectra is accompanied by a trough, i.e. bleaching of the signal as a consequence of the unligated species. The CO-bound cytochrome o (peak at ~ 415 nm) and its corresponding trough (~ 432 nm) due to the loss of free haem o also add to the intricate shape in 
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Fig. 5.6: The Olis dual beam spectrophotometer in CLARiTY mode can visualize characteristics of the terminal oxidases binding CO in less turbid samples. Cultures grown to mid-exponential phase in LB, were harvested, washed and resuspended in PBS at an OD600 ~50. Samples were subsequently serially diluted in PBS to OD600 ~25, ~10 and ~5 and CO difference spectra (CO reduced minus reduced) were taken after a 5 min incubation with a final concentration of 100 μM CORM-3. Inset shows spectral characteristics that can be readily resolved at an OD600 ~5. These data are representative of 3 biological repeats. 
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Fig. 5.7: Visualisation of CO released from CORM-3 binding to growing S. Typhimurium cultures in real time. In (A) Salmonella cultures were grown in Circlegrow rich medium until they reached late exponential phase (OD600 ~ 5). Cells were reduced by dithionite or with glucose (inset), transferred directly to sample and reference chambers, incubated with CORM-3 (100 μM) for 15 min and CO difference spectra taken. (B) Shows CO difference spectra of the same dithionite reduced sample using a standard dual-wavelength scanning spectrophotometer. Spectra smoothed using Sigma plot with a polynomial degree of 2 and sampling proportion of 0.3 is shown in inset. 



the Soret region in Fig. 5.7 A.  CO-ligated cytochrome d is shown by the peak at 647 nm and the trough at 628 nm therefore shows removal of the ferrous cytochrome d.
The distinct spectral characteristics seen here showed similarities to spectra from studies in E. coli treated with CORM-3 and the consequential binding of CO with cytochrome bd, in whole cells and membranes (Davidge et al., 2009b; Jesse et al., 2013).  In C. jejuni, CO difference spectra characteristic of CO binding to cytochrome b and c have been shown and similarly in P. aeruginosa, CO released from CORM-3 was shown to target two spectroscopically distinct cytochromes (Desmard et al., 2012; Smith et al., 2011). These studies were performed using a standard dual-wavelength spectrophotometer and were not done in actively growing cells, using harvested cells instead. In Fig. 5.7 B, spectral data from the same sample was collected using a standard dual-beam scanning spectrophotometer. Extensive smoothing of the signal and averaging were necessary to resolve the characteristic spectrum in the Soret region and this was especially necessary for the α/β regions (Fig. 5.7 B, inset). 
In the spectra discussed here, we used sodium dithionite to allow for quick reduction of haems in S. Typhimurium cells. Although previous studies have shown that the passage of CO from CORM-3 into whole cells can be monitored using extracellular myoglobin reduced with dithionite (Davidge et al., 2009b), there are potential complications with the use of dithionite, with it promoting the release of CO from CORM-3 in the absence of cells (McLean et al., 2012). To account for this, in Fig. 5.7 A inset, glucose was used instead of dithionite to reduce intracellular haems. The spectral characteristics upon treatment with CORM-3 were identical to that of cells reduced with dithionite, showing carboxy adducts of terminal oxidases. These results demonstrate that in the presence of growing cells, the uptake of CORM and the consequential binding of CO with intracellular cytochromes is not affected by dithionite. 
[bookmark: _Toc356530844]5.3 Discussion
Several studies now exist that describe the many beneficial effects of CO, including the antioxidant, cytoprotective and anti-inflammatory effects (reviewed by (Wegiel et al., 2013)).  The development of CORMs to provide a safe mechanism of storage and delivery of CO were followed by the discovery that many of them were effective antimicrobial agents. This is true especially for the Ru based compounds, CORM-2 and CORM-3, which show a broad spectrum toxicity to both Gram-positive and -negative bacteria (Davidge et al., 2009b; Desmard et al., 2009; Smith et al., 2011; Tavares et al., 2013).  S. Typhimurium is an enteropathogen, able to live and replicate in macrophages, and is a major cause of gastroenteritis in humans. HO-1 and HO derived CO, in combination with nitrosative mechanisms, have been implicated in the host response to salmonella infections (Onyiah et al., 2013; Zaki et al., 2009). It has been well known that HO-1 and CO protect against intestinal inflammation, as shown by experimental models of colitis and findings that CO from cigarettes protects against inflammatory bowel disease (Hegazi et al., 2005; Sheikh et al., 2011). Onyiah et al found that colitis in mice, induced by injection with S. Typhimurium, was prevented either by induction of HO-1 or by administering CO.  Knockdown of HO-1 in mouse macropghages reduced bactericidal activity against not only S. Typhimurium but also E. coli and E. faecalis, and induction of HO-1 or exposure to CO (in the form of CORM ALF186) increased their bactericidal activity through increased acidification of phagolysosomes (Onyiah et al., 2013). Interestingly, they noticed that in vitro experiments showed CORM ALF186 did not cause growth inhibition of cultures grown in LB, therefore suggesting that the CORM itself was not toxic to bacteria. However, several other studies have shown that the antimicrobial activity of CORMs is significantly reduced in the presence of sulfur-containing compounds, which are present in complex media like LB, such as N-acetylcysteine, cysteine and reduced glutathione (Desmard et al., 2009; Jesse et al., 2013; McLean et al., 2013). The reasons behind such diminished toxicity could be due to decreased CORM uptake into cell and reduced inhibition of respiration in the presence of such compounds (Jesse et al., 2013). The effects of CORM ALF186 in minimal media could therefore prove to be toxic. 
[bookmark: _Toc356530845]5.3.1 Growth and viability studies
Growth and viability assays in this study showed that CORM-3 is toxic to S. Typhimurium cells in a dose-dependent manner (Fig. 5.1) as seen in other studies which report antimicrobial activity of CORM-3 against a wide range of bacteria (Davidge et al., 2009b; Desmard et al., 2009; Nobre et al., 2007; Smith et al., 2011). S. Typhimurium seems to be similarly sensitive to CORM-3 as E. coli (McLean et al., 2013), but more sensitive than C. jejuni where even high concentrations of 500 μM failed to cause any growth inhibition (Smith et al., 2011). In contrast, S. Typhimurium was more resistant to CORM-3 than P. aeruginosa whereby low concentrations of CORM-3 (1 to 10 μM) caused complete growth inhibition in both lab and clinical isolates of P. aeruginosa (Desmard et al., 2012).  Concentrations of CORM-3 resulting in growth inhibition and loss of viability in S. Typhimurium, e.g. 150 μM reducing viability to ~ 0.01% (Fig. 5.1), have previously been shown to be non-toxic to RAW 264.7 macrophages (Desmard et al., 2009).
[bookmark: _Toc356530846]5.3.2 Mechanism of CORM action
Although Ru-based CORMs such as CORM-2 and CORM-3 are highly toxic to bacteria, the basis of this toxicity still remains unclear. Several other studies have reported, as we have with S. Typhimurium, that bacteria accumulate CORMs to very high levels, that CO binds identifiable intracellular targets such as haem proteins, and transcriptomic studies have shown that CO gas causes profound changes in cell function and gene expression (Davidge et al., 2009b; Jesse et al., 2013; McLean et al., 2013; Nobre et al., 2007; Wareham et al., 2016). Several studies performed in vivo also show the importance of HO-1 and CO in clearing bacterial infections. As discussed above, Onyiah et al found that HO-1 and CO alleviate intestinal inflammation through increased bacterial clearance, partly via enhancing bactericidal abilities of macrophages. HO-1 knockdown mice show increased sensitivity to oxidant-induced tissue injury, but treatment with CO reduced endotoxin-derived inflammation. CO from HO-1 and CORM-2 also rescued mice from life-threatening sepsis and endotoxemia (Tsoyi et al., 2009). Other studies have demonstrated CO- derived from HO-1 enhancing phagocytosis and host defence mechanisms, and therefore causing an increase in bactericidal activity in response to polymicrobial sepsis in mice (Chung et al., 2008; Otterbein et al., 2005).  Up-regulation of HO-1 offers mice protection from infections caused by Mycobacterium avium or Mycobacterium tuberculosis (Silva-Gomes et al., 2013). CO plays a key role in the pathogenesis of Clostridium dificile, whereby inhibition of HO by Zn protoporphyrin IX exacerbated histopathological alterations as a result of toxin A from C. dificile in mouse models (Medeiros et al., 2011). Thus, HO-1 and CO not only have important cytoprotective effects upon sepsis and inflammation but have a role in bacterial pathogenesis.
On the other hand, in vitro studies have cast doubt on the mechanism of CORM toxicity, with accumulating evidence that the release of CO is not the sole cause of its antimicrobial effects and attention has now shifted to the role of the metal. Several studies have reported that CORMs are more potent antimicrobials than CO gas (Wareham et al., 2015). For example, concentrations as low as 10 μM are effective against clinical strains of P. aeruginosa but CO gas at very high concentrations (~ 860 μM) has very little effect (Desmard et al., 2009). Transcriptomic studies have revealed that CORM-3 causes global changes in gene expression that cannot be explained by CO gas alone (Davidge et al., 2009b; McLean et al., 2013; Nobre et al., 2009; Wareham et al., 2016). McLean et al. used not only CORM-3 but also the CO-depleted CORM, iCORM-3, to dissect the effects of CO on global transcriptional changes and found that although the response to iCORM-3 was lower, both compounds affected numerous processes, including membrane transport, metabolism of sulphur-containing species, motility and energy metabolism. Recently, E.coli cells lacking any haems have been shown to be inhibited by CORM-3 and reveal multiple transcriptomic changes (Wilson et al., 2015). Several Ru compounds that are not CO releasers accumulate to high levels in cells and are toxic to bacteria (Lam et al., 2014; Lemire et al., 2013; Li et al., 2015a) and manganese based CORMs such as the PhotoCORM discussed in previous chapters, and CORM-401 (Wareham et al., submitted) are far less toxic to bacteria than Ru-based CORMs.
[bookmark: _Toc356530847]5.3.3 Visualisation of CORM-derived CO binding to bacterial terminal oxidases
The ability to study CO from CORM-3 binding to its intracellular targets in growing cells, under physiological conditions and in real-time provides another opportunity to dissect the role of CO in its effects on bacteria. Scattering of light from turbid samples poses problems when studying CO binding or other changes in absorbance of pigments in cells or membrane preparations. In order to measure bacterial turbidities, the most common use for spectrophotometers in microbiology, the scattering of light is maximised as the measurement is based on the amount of light scattered by the microbial culture rather than the amount of light absorbed.  This is ensured by increasing the distance between the sample and the detector (Fig. 5.4 A) or by reducing the wavelength of the incident light. In contrast, in situ measurements of absorbance, in this case the binding of CO to haems, ideally requires much of the light scattered by the sample to reach the detector. Efforts to maximize recovery of scattered light are through positioning the sample as close as possible to the detector and/ or by incorporating the sample into a reflective integrative sphere (Poole & Kalnenieks, 2000; Yang, 1954).  In an early in vivo study, the redox poise and oxygenation of cytochrome bd was assessed in Azotobacter vinelandii (Kavanagh et al., 1998). Here, spectral changes of cytochromes b, c and d were measured in cells that were either harvested or directly from steady-state growth in response to alterations in O2 supply.  The bacterial sample was placed in a semi-cylindrical aluminium reflector, fitted in an oxygen electrode and light was guided to and from the sample via a bifurcated optic fibre, until it reached the diode array detector.
Other efforts include the use of ICAMS designed to allow accurate measurements of absorbances in samples that scatter light, whereby a spherical quartz cuvette is bounded by a particulate white coating which encourages diffuse reflectance and is filled completely with the turbid sample (Blake & Griff, 2012; Elterman, 1970; Hodgkinson et al., 2009; Javorfi et al., 2006).  An aperture is present on either end of the sphere, one to allow measuring light into the spherical cavity and the other to admit departing light to reach the detector, which is placed directly adjacent to the ICAM. The innovative design of the ICAM has two key advantages. Firstly, the incident exciting light has greatly enhanced path length as the sample is placed in the spherical ICAM which is bounded by a surface that maximizes diffuse reflectance, compared to a linear spectrophotometer where the incident light only goes though a cuvette one. Therefore, absorbance measurements with considerably greater sensitivity can be made. Secondly, scattering of the incident light by the turbid sample is not an issue as the exciting light is already scattered to a maximum extent and so additional scattering by the turbid sample will not have any impact on the accuracy of the absorbance measurement. These features therefore allow absorbance measurements to be made in situ in whole cells under physiological conditions.  This study utilizes a commercial ICAM with two key enhancements: 1) it is a dual wavelength spectrophotometer with a sample and reference chambers fitted with matching ICAMS; and 2) it permits for rapid acquisition of up to 100 absorbance scans per second, which allows for generation of mean from the scans, significantly increasing the signal-to-noise ratio.
The ICAM has allowed us to visualise CO binding to cytochromes of actively growing S. Typhimurium cells as they were exposed to CORM-3 in real-time (Fig. 5.7 A). Visualisation of CO binding to cytochromes in situ had not been possible previously, due to limitations of standard spectrophotometers.  As shown in Fig. 5.7 B, CO difference spectrum from a conventional spectrophotometer needed extensive manipulation and smoothing before any spectral characteristics distinctive to CO binding could be discerned.  Prior to this study, another group used the same commercial ICAM setup to record spectra of Leptospirilum ferroxidaans cells and more recently, Acidithiobacillus ferrooxidans (Blake & Griff, 2012; Li et al., 2015b). When whole cell L. ferrooxidans or A. ferrooxidans were exposed to soluble ferrous ions under physiological conditions, the absorbance spectrum of each bacterium revealed reduced forms of certain redox-active cellular prosthetic groups. Interestingly, A. ferroxidans and L. ferroxidans, which belong to the phyla Proteobacteria and Nitrospirae respectively, formed wholly distinct spectral changes when exposed to iron. Inspired by this, in 2016, Blake et al. tested and proved their hypothesis that different phyla express different electron transfer biomolecules for aerobic respiration on soluble iron (Blake Ii et al., 2016).  They collected absorbance spectra of 12 different growing organisms, representing a total of 6 phyla, in real-time as they respired aerobically on soluble iron at pH 1.5 and found a total of six different patterns of reduced-minus-oxidised spectra. These studies highlight the key role of ICAMS in allowing in situ absorbance spectroscopy, which has proven essential in studying the intricacies of energy conservation in growing microorganisms under physiological conditions. 
It would be interesting to study the effects of growth stages of S. Typhimurium in its response to CO, with changes in the levels of cytochromes followed though stages of growth. More importantly, growth and viability experiments could be performed alongside visualization of CO- binding to cytochromes, in an effort to further elucidate the role of CO binding to classical haem targets and whether it is related to cell toxicity in real-time. 
[bookmark: _Toc356530848]5.4. Conclusion.
This chapter reports the potent antimicrobial activity of a Ru-based CORM, CORM-3 against S. Typhimurium, an enteropathogen. Growth and viability was negatively affected by CORM-3 in a dose-dependent manner and was accompanied by intracellular accumulation of CORM-3. We also demonstrate that although CORM-3 is taken up by growing cells, oxyhaemoglobin assays showed that CORM-3 did not release CO spontaneously in phosphate buffer, minimal medium or very complex medium in the absence of cells. We were able to show for the first time, with the use of dual-wavelength integrating cavity absorption spectrophotometer, that CO released from CORM-3 bound to haems of the bacterial electron transport chain in actively growing Salmonella cultures, without the need for prior concentration. 
[bookmark: _Toc356530849]Chapter 6 - Discussion
[bookmark: _Toc356530850]6.1 Summary
CORMs were originally developed to deliver CO safely in experimental and therapeutic settings (Motterlini et al., 2005) in recognition of mounting evidence that CO is an important signalling molecule (Mann, 2010) with opportunities for therapeutic exploitation (Motterlini & Otterbein, 2010). A wide range of CORMs has now been developed and diverse modifications have been employed to control and manipulate the CO release triggers and kinetics (Carmona et al., 2016; Glaser et al., 2016; Hasegawa et al., 2010; Schatzschneider, 2015). Their use as antimicrobial agents both alone, and as adjuvants to established antibiotics, have been explored by several research groups (reviewed by Wareham et al., 2015). Despite the significant progress in CORM research, several unanswered questions exist concerning their mechanism of action and the superiority of CORMs, especially Ru-based CORM-2 and CORM-3, in their antimicrobial effects compared to CO gas. 
The antimicrobial potency of CORMs, confounded by the role of the Ru in their toxicity against bacteria (See Section 1.5), led us to use a Mn-based PhotoCORM [Mn(CO)3(tpa-κ3N)]Br against a multi-drug resistant E. coli strain EC958. The term PhotoCORM describes a compound that releases CO when exposed to a specific wavelength and intensity of light (Schatzschneider, 2011). Such compounds have the advantage that CO release can be precisely controlled, and comparisons of the biological effects of the pro-drug versus the CO- depleted or photo-activated compound allow us to discern the role of CO and that of the metal co-ligand fragment. Therefore, the work presented in Chapter 3 sought to assess antimicrobial effects of the PhotoCORM, and its derivatives against EC958 cells. We showed through myoglobin assays that the PhotoCORM releases 2 COs per molecule upon photoactivation and is stable in the dark. Preparation of CO-depleted control was confirmed by the lack of CO detected in myoglobin assays and was achieved by illuminating the compound over an extended period of time, whilst stirring to aid removal of CO. We demonstrated that the activated PhotoCORM inhibits respiration due to the liberated CO ligands binding to terminal oxidases in the electron chain. The released CO is also able to reach the intracellular space, binding to the truncated globin Ctb, overexpressed in the cytoplasm of E. coli cells. On the other hand, PhotoCORM kept in the dark and CO-depleted PhotoCORM did not inhibit respiration in membranes. Growth and viability studies showed interesting results: the activated PhotoCORM inhibited cell growth and reduced viability whereas PhotoCORM in the dark did not. This initially suggested that CO was important in causing toxic effects of the PhotoCORM. However, CO-depleted PhotoCORM also caused inhibition of cell growth to the same extent as the activated PhotoCORM, highlighting the role of the metal (see section 6.2 below). Other CORMs are accumulated to high levels intracellularly (Jesse et al., 2013; McLean et al., 2013; Wilson et al., 2015) but unprecedentedly, despite the release CO reaching the intracellular space, no Mn was detected inside cells treated with the PhotoCORM (See Section 6.3.3). We then tested the ability of the PhotoCORM to react with extracellular molecules, such as H2O2 and found that the effect of the activated PhotoCORM was potentiated by the presence of H2O2 through the production of hydroxyl radicals. There is controversy surrounding the involvement of ROS in the toxicity of CORMs, especially CORM-2 and CORM-3 (Jesse et al., 2013; Tavares et al., 2011) and See Section 1.5.4 for more information.  The ability of the PhotoCORM itself to produce ROS was tested via changes in expression of ROS responsive genes, katG and sodA in PhotoCORM treated cells. No significant changes were found and the fluorescence based DCDF assay also confirmed that ROS does not play a major role in the toxicity caused by PhotoCORMs. 
The WHO recently announced a global priority list of antibiotic-resistant bacteria and identified antibiotic-resistant bacteria of the Enterobacteriaceae, including E. coli, as being amongst the most critical. Therefore the search for novel treatment strategies is especially important for multi-drug resistant strains such as EC958 (Totsika et al., 2011). The work carried out in Results Chapter 4 was the first comprehensive study of synergy between a range of antibiotics and a PhotoCORM. We showed that [Mn(CO)3(tpa-ĸ3N)]Br potentiates the antibacterial activity of tetracycline and polymyxin antibiotics. Multifactorial effects were evident. First, the PhotoCORM disrupted membranes, leading to the reduced MIC of the combined treatments. Second, the PhotoCORM or, more likely, the products of photoactivation, but not CO, bound iron and triggered an iron starvation response in strain EC958, including the production of siderophore-like activity. The observed synergy presumably reflected the iron-chelating activity of both the PhotoCORM and tetracyclines. Third, reduced expression of the tetA gene encoding a tetracycline efflux pump may contribute to the synergy observed. 
The future potential of CORMs rests on deeper understanding of its mode of action and a number of key areas need further exploration before CORMs are able to become a viable treatment option in the clinic. As mentioned in Section 1.4.5, the detection of CO released from CORMs in biological systems remains a challenge, and although several fluorescent probes such as COSer and COP-1 have been used to detect CO in mammalian cells (Michel et al., 2012; Wang et al., 2012), they have not been tested in bacteria. In Chapter 5, we used the Olis CLARiTY dual-wavelength spectrophotometer, which utilises an integrating cavity absorption meter to demonstrate for the first time CO released from CORM-3 binding to terminal oxidases in growing Salmonella cultures in real-time and under physiological conditions. This method has promising prospects in elucidating the role of CO in CORM toxicity and is discussed below (see Section 6.3.2). We also show that unlike the PhotoCORM, Ru from CORM-3 is accumulated rapidly to high levels inside cells, with a sharp increase in Ru within minutes of treatment at a rate of  >120 μM min-1 suggesting that CORM -3 enters the cells via diffusion, and may be altered once inside the cell so that further influx can continue to occur passively (see Section 6.3.3). CORM-3 was also shown to be more toxic with concentrations of 75 and 100 μM causing significant inhibition of growth and viability. 
[bookmark: _Toc356530851]6.2 Mechanisms of action CO versus CORMs
Recent studies describing the multi-faceted targets of CORMs have questioned the role of CO in mediating toxicity to cells (McLean et al., 2013; Wilson et al., 2015). Several studies show that CORMs in general cause significantly greater inhibition of cell growth and viability compared to CO gas itself, and reasons such as the ability of CORMs to accumulate into cells thereby delivering CO directly to local targets (the Trojan Horse hypothesis) were given to explain such discrepancies ((Davidge et al., 2009b; Wilson et al., 2013). Furthermore, so called ‘iCORMs’, i.e. the CO-depleted complex Ru(II)Cl2(DMSO)4 of CORM-2 and the structurally ambiguous iCORM-3 have been shown to have much poorer antimicrobial properties compared to their corresponding CORMs ((Davidge et al., 2009b; Desmard et al., 2009; McLean et al., 2013; Tavares et al., 2011; Wilson et al., 2013; Wilson et al., 2015). However, the methods of preparing iCORM-2 and iCORM-3 may render these molecules more stable than the degradation products of CORM-2 and CORM-3 when dissolved in solvent and added to cells, thus reducing the availability of the Ru(II) ion to coordinate to biological targets. For example, iCORM-3 may actually contain significant amounts of Ru(CO)3Cl3 species, which is a complex more stable than CORM-3, and with the inability to release CO ligands (Johnson et al., 2007). Collectively, the ambiguities concerning iCORMs make it difficult for us to discern the role of CO versus the role of the metal in CORM toxicity.
The PhotoCORM used in this study allowed us to explore the effects of various control compounds and their activities against EC958 cells (See Fig. 3.3 for reaction scheme). The PhotoCORM in the dark, with all COs attached, had no effect on cell growth, viability and respiration. Activation of the PhotoCORM in the presence of cells resulted in the release of CO, caused toxic effects in cells and inhibited respiration. However, the CO-depleted PhotoCORM also possessed the same antimicrobial capabilities as the activated PhotoCORM, highlighting the role of the metal in the effects of the CORM. CO gas itself on the other hand, showed no effects of cell growth. Moreover, CO-depleted PhotoCORM did not cause inhibition of respiration in membranes; thereby showing that inhibition of respiration has little to do with cell death. 
The results from Chapter 4 also suggest the absence of significant CO-mediated effects in the case of [Mn(CO)3(tpa-κ3N)]Br. CO-depleted PhotoCORM was able to potentiate the activity of CST to the same extent as the activated PhotoCORM. Similarly, cells treated with the non-illuminated PhotoCORM, i.e. with all CO ligands still attached, also showed some potentiation of DOX against EC958 cells. Cells treated with CO gas and DOX on the other hand showed no combined effect. These findings are in agreement with the study by Wareham et al. (Wareham et al., 2016), which showed that, contrary to the protective effects of other gasotransmitters such as NO and H2S (Gusarov et al., 2009; Shatalin et al., 2011), CO gas had no effects, neither protection nor potentiation, against several classes of antibiotics (Wareham et al., 2016). This suggests a "Janus-headed" activity of the title compound, where the Mn(tpa) fragment may act as a carrier for up to three CO ligands (with subsequent CO binding to terminal oxidases and respiratory inhibition (Nagel et al., 2014; Tinajero-Trejo et al., 2016)), whereas the carbonyl ligands also act as photolabile "protective groups", which prevent the biological activity of the Mn(tpa) fragment while coordinated (See Fig. 4.12 from Chapter 4) . Despite the PhotoCORM releasing more CO molecules per compound compared to CORM-3, much higher concentrations of the PhotoCORM (350 μM) were required to elicit cell toxicity compared to CORM -3 (75 μM), see results chapter 5. This shows, in agreement with other studies, that Ru-containing CORMs are more toxic to cells than Mn-containing CORMs, or CORMs without a metal centre (Desmard et al., 2012; Nobre et al., 2007).
Other groups have sought to understand the mechanism of CORM action against bacteria. The key findings are summarised here. (1) Bacteria accumulate CORMs (not the PhotoCORM) to high levels, and conditions where accumulation cannot occur, such as the presence of NAC, or addition of iCORM results in diminished cell toxicity (Davidge et al., 2009b; Jesse et al., 2013; McLean et al., 2013; Nobre et al., 2007). On the other hand, E. coli cells lacking all haems (hemA) are able to take up greater amounts of CORM-3 compared to WT cells, and also show increased sensitivity to CORM-3 (Wilson et al., 2015). This implies a positive correlation between of bacterial cell’s ability to accumulate CORM and toxicity. (2) Saturating solutions of CO gas hardly perturb cell growth (Wareham et al., 2016; Wegiel et al., 2014). (3) Microarray analysis revealed multi-faceted changes in gene expression in response to CORM-3 and iCORM-3, much of which is not mimicked by CO gas (Davidge et al., 2009b; McLean et al., 2013; Nobre et al., 2009; Wareham et al., 2016). (4) Although haems are known to be classical targets of CO, growth of hemA cells are inhibited to a much greater extent by CORM-3 and multiple transcriptomic changes are seen (Wilson et al., 2015). (5) Other non-CO releasing Ru compounds are taken up by cells and cause toxic effects (Lam et al., 2014; Lemire et al., 2013). These findings demonstrate that instead of the initial Trojan Horse hypothesis suggested by Wilson et al. where the metal carbonyl serves as the ‘horse’ and delivers a toxic cargo of CO, it is increasingly likely that the metal fragment is the toxic cargo, and that the CO potentially aids in CORM uptake (Wilson et al., 2013).
	
[bookmark: _Toc356530852]6.3 Further scope and investigation
[bookmark: _Toc356530853]6.3.1 Global impact of the PhotoCORM against EC958 cells
Transcriptomic studies have been highly beneficial in emphasizing the complex nature of CORM interactions with bacterial cells. So far, only the transcriptomic responses of E. coli MG1655 cells treated with CORM-2 or CORM-3 have been studied (Davidge et al., 2009b; McLean et al., 2013; Nobre et al., 2009; Wilson et al., 2015). These studies have not only shown changes in expression of genes involved in aerobic respiration and energy metabolism but also demonstrated other interesting effects of CORMs on the E. coli MG1655 transcriptome (See Section 1.5). Interestingly, cells treated with CORMs led to changes in the expression of genes involved in general stress response, the metabolism of sulfur-containing species, cell motility, membrane damage and metal stress. All four studies showed an upregulation of mdtABC, which encodes a multi-drug efflux pump (Davidge et al., 2009a; McLean et al., 2013; Nobre et al., 2009; Wilson et al., 2015). Genes involved in iron acquisition were also differentially regulated in response to CORMs.
In this thesis (Chapters 3 and 4), we showed through RT-PCR experiments of EC958 batch cultures that genes involved in iron acquisition, Mn transport and tetracycline efflux were affected in response to treatment with the PhotoCORM. More rigorous analysis of the EC958 transcriptome by carrying out microarray experiments in continuous cultures of EC958 grown in a chemostat would allow growth rate, temperature, pH and gas flow to be maintained at all times so that growth rate-dependent changes in gene expression would not occur (Flatley et al., 2005). McLean et al. carried out the first such transcriptomic study of MG1655 cells grown in a chemostat in response to CORM-3 and iCORM-3 (McLean et al., 2013).
The genome of EC958 contains many genes responsible for antibiotic resistance, drug efflux pumps, and several virulence genes (Totsika et al., 2011). Transcriptomic studies of EC958 cells treated with the PhotoCORM would be extremely useful in investigating how the PhotoCORM affects such genes. RT-PCR results in Chapter 4 suggest that the PhotoCORM may act as an inhibitor of the TetA efflux pump. Transcriptomic studies could help answer whether it has a similar effect on other genes encoding efflux pumps. A number of virulence-associated genes exist in the EC958 genome, for example autotransporters (e.g. upaG, upaH); iron receptors (e.g. iutA, iha, chuA) and adhesins (e.g. fimA-H, afa) (Totsika et al., 2011).  Changes in expression of such genes in response to PhotoCORM may provide us with more insight into how to tackle infections caused by the multi-drug resistant strain EC958. Transcriptomic studies would not only allow greater understanding of the mechanism of action of the PhotoCORM, but may also offer more information into what other antimicrobial compounds could work synergistically with the PhotoCORM.

[bookmark: _Toc356530854]6.3.2 Detection of CO 
The work in this thesis (Results Chapter 3 and 5) sought to visualise CO released from CORMs binding to various targets in bacteria. Chapter 4 showed CO binding to terminal oxidases in EC958 cells harvested, resuspended in buffer and treated with the PhotoCORM. We also showed CO from PhotoCORM reaching the intracellular space and binding to Ctb. Both instances used a standard scanning dual-wavelength spectrophotometer. In Chapter 5, we showed for the first time CO released from CORM-3 binding to growing bacterial cultures without the need for prior harvesting. The use of ICAMs in the Olis CLARiTY spectrophotometer means that scatter in highly turbid samples minimally affects the signal, giving rise to higher signal resolution (for more detail see Results Chapter 5). 
The ability to visualise CORM-derived CO binding to cellular targets in physiological conditions has potential to be valuable in elucidating whether CO binding to terminal oxidases results in loss of cell viability. Taking culture samples from the Olis CLARiTY chamber for viability studies whilst simultaneously visualizing and quantifying CO binding to terminal oxidases would directly help answer this important question. Currently, such experiments are being pursued in our laboratory. The Olis spectrophotometer in CLARiTY mode could also be used to detect CO release in mammalian cells. The spectrophotometer has been successfully used to quantify haem directly from turbid suspensions of whole blood cells in mice and murine erythroleukaemia cells (Marcero et al., 2016). Therefore, visualisation of CO released from CORMs binding to mammalian cells is achievable.  
[bookmark: _Toc356530855]6.3.3 Uptake experiments with CORMs
The work carried out in this thesis showed that, unlike other CORMs, the PhotoCORM was not accumulated in EC958 cells. Whilst lipophilicity studies showed that the PhotoCORM had a low log P value, signifying low lipophilicity of the compound, and is therefore unlikely to passively traverse the bacterial membrane, there are other reasons why we may not have seen Mn accumulation in cells. First, the EC958 genome contains many MDR efflux pumps (Totsika et al., 2011), so the PhotoCORM could enter cells but be rapidly effluxed out so that very little intracellular Mn is detected during analysis via ICP-MS. Experiments to measure Mn efflux could be performed whereby cells are loaded with a sub-lethal concentration of the PhotoCORM, incubated for a desired time period before washing cells and resuspending in fresh medium. The amount of Mn in the cell pellet versus the supernatant could then be analysed via ICP-MS to determine whether EC958 cells are able to efflux the PhotoCORM. The use of medium with or without glucose could also point towards whether any efflux, if present, was driven through an energy-dependent process. The second reason why we may not have observed Mn accumulation is that the PhotoCORM disrupts bacterial membranes (see results Chapter 4), thereby making cells leaky and confounding the results of ICP-MS. 
Unlike the PhotoCORM, CORM-3 was accumulated to very high levels by Salmonella cells (see Results Chapter 5). Cells were shown to accumulate CORM-3 derived Ru to concentrations in greater excess than the concentration of CORM-3 applied to the culture. For example, cells treated with 40 μM CORM-3 had intracellular Ru concentrations of around 500 μM, so over 10-fold excess. This is in agreement with other studies too whereby addition of CORM-2 or CORM-3 to E. coli MG1655 cells leads to intracellular concentrations of Ru far exceeding the concentrations of CORM-3 applied to the culture (Davidge et al., 2009b; Jesse et al., 2013; McLean et al., 2013). The mechanisms of CORM uptake by bacteria are however not known. The greater intracellular concentration of Ru compared to exogenous levels of CORMs suggests that at least in the case of CORM-2 and CORM-3, they enter cells via: (1) an unknown transporter, against a concentration gradient; or (2) as suggested in section 6.1 above, via diffusion. Reaction with intracellular targets may alter their structure thus enabling the continuous influx down a concentration gradient of CORMs resulting in high intracellular Ru concentrations. 
[bookmark: _Toc356530856]6.3.4 In vivo toxicology and infection studies
While several mammalian studies exist on the well established CORM-2 and CORM-3, such studies have not yet been published concerning the PhotoCORM. In order for the PhotoCORM to have any potential in the clinic, it is vital that toxicity to mammalian cells is tested. Our collaborators Betts et al. from the University of Surrey have made significant advances in these areas.  In vivo antibacterial activity of [Mn(CO)3(tpa-k3N)]+ alone and in combination with colistin was determined using the Galleria mellonella wax moth larvae model infected with avian pathogenic E. coli (APEC). Animals were monitored for life/death, melanisation and bacterial numbers enumerated from larval haemolymph. In vivo assays showed that the combination of [Mn(CO)3(tpa-k3N)]+ with colistin produced superior bacterial killing and significantly increased larval survival. Toxicity of the PhotoCORM was also tested in avian HD11 macrophages. Minimal toxicity was observed at concentrations up to 0.5 mg/ml. In vivo antimicrobial activity of the PhotoCORM was also explored in HD11 cells infected with APECs and treated with the PhotoCORM +/- COL 15 min post –infection. Treatment with PhotoCORM led to increased survival of the infected macrophages and the results were greater when combined with COL. This is in agreement with results from this thesis, which shows that the PhotoCORM works synergistically with COL. Further work investigating whether the PhotoCORM has immune-modulatory effects is under way. The use of light-activated compounds, such as PhotoCORMs is particularly well suited to treatment of wound infections, due to easy activation of the compound. Performing in vivo testing on skin cells and studying whether the PhotoCORM is able to prevent biofilm formation by bacteria in wounds would be very useful.
[bookmark: _Toc356530857]6.3.6 Newer PhotoCORMs with enhanced antimicrobial abilities
The PhotoCORM used in the present study proved not to be as effective at killing bacteria as the well established Ru-based CORMs (such as CORM-2 and CORM-3). Inhibition of cell growth was seen at 350 μM, compared to CORM-3, which shows toxic activities at concentrations as low as 30 μM (Davidge et al., 2009b). Indeed in P. aeruginosa cells, less than 10 μM CORM-3 was required to kill cells (Desmard et al., 2012). The advantage of the present PhotoCORM however is its ability to afford researchers better control experiments so that elucidation of the role of CO versus that of the metal is more easily done. The ability of the PhotoCORM to work synergistically with antibiotics such as COL, PMB and DOX show the potential of the PhotoCORM to be used as adjuvants to treat complex MDR infections. While this PhotoCORM serves as a guide, newer compounds with enhanced antimicrobial properties are needed for real clinical applications.
With this in mind, the Schatzschneider group at the University of Wuerzburg, Germany who were behind the synthesis of the present PhotoCORM have made several alterations to the original compound, with the aim of increasing the antimicrobial profile. Such alterations include the addition of pyridine rings, alkane chains and methyl esters to increase the lipophilicity of subsequent compounds. Preliminary studies in our laboratory have revealed that these compounds show enhanced toxicity to Gram-positive and –negative cells, due to their membrane damaging abilities owing to the increased lipophilicity. However, care must be taken to test these compounds against mammalian cells to consider their toxicity to mammals. Efforts to shift the wavelength required for the activation of PhotoCORMs from the UV/visible region to the infrared region to allow for better penetration of light into the human body is underway (Schatzschneider, 2011). Other advancements to CORM design for enhanced suitability in the clinic is mentioned in Section 1.4.4.
[bookmark: _Toc356530858]6.4 Conclusions
The present study highlights the notion that the effect of CORMs against bacteria is much more complex than the delivery of CO to cellular targets. A deeper understanding of the mechanism of action of CORMs is needed and this study sought to contribute to that. The PhotoCORM has potential in being used as adjuvants to antibiotics to increase their efficacy against MDR strains such as EC958. However, CORMs currently used in research are not optimised for use in the clinic and significant advances in the pharmacokinetics of such compounds are needed for CORMs to become a viable treatment option. Collaboration between chemists, biologists, pharmacologists and clinicians would prove vital in understanding CORM chemistry, their biological effects and its clinical applicability. 
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Table 3.1 Lipophilicity and partition coefficient (log P) for PhotoCORM and
CO-depleted PhotoCORM.

Compound Aqueous phase” (a) Organic phase” (0) log P (o/a)
PhotoCORM, UV 91.9 0.001 -2.0
PhotoCORM dark 90.73 .0045 2.3
iPhotoCORM 82.66 0.027 -1.48

a Mn recovered from aqueous and organic phase expressed as a percentage.









Table 3.1 Lipophilicity and partition coefficient (log P) for PhotoCORM and 

CO-depleted PhotoCORM.

  

 

Compound  Aqueous phasea (a)  Organic phasea (o)  log P (o/a) 

PhotoCORM, UV  91.9  0.001  -2.0 

PhotoCORM dark  90.73  .0045  -2.3 

iPhotoCORM  82.66  0.027  -1.48 

a	Mn	recovered	from	aqueous	and	organic	phase	expressed	as	a	percentage.			
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Sample condition

Genes involved in:

Responses to reactive oxygen

Iron and manganese

Species acquisition
katG sodA entE chuA mntH
PhotoCORM, UV 0.81+0.19 1.26+0.17 4.76 +£0.91 2.15+0.53 0.47+0.12
CO-depleted PhotoCORM 0.74 +0.02 1.69 £ 0.46 75+1.36 3.55+0.79 0.59+0.13
PhotoCORM, dark 0.84 £0.07 0.96 £0.02 1.67 +£0.57 1.22 £0.38 1.06 £0.33










Sample condition  Genes involved in: 

Responses	to	reactive	oxygen		

	

species	

Iron and manganese  

acquisition 

katG 

 

sodA  entE  chuA 

                                 

mntH 

PhotoCORM, UV  0.81 ± 0.19  1.26 ± 0.17  4.76 ± 0.91  2.15 ± 0.53  0.47 ± 0.12 

CO-depleted PhotoCORM  0.74 ± 0.02  1.69 ± 0.46  7.5 ± 1.36  3.55 ± 0.79  0.59 ± 0.13 

PhotoCORM, dark  0.84 ± 0.07  0.96 ± 0.02  1.67 ± 0.57  1.22 ± 0.38  1.06 ± 0.33 
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MG16155 EC958

Antibiotics MIC (ug/ml) R/S' MIC (pug/ml) R/S
Colistin (CST) 0.38 S 0.50 S
Doxycycline (DOX) 2.0 S 12 R
Gentamicin (GEN) 0.38 S 1.5 S
Kanamycin (KAN) 0.38 S ND? R
Minocycline (MIN) 3 S 3 S
Tetracycline (TET) 1 S 48 R
Trimethoprim (TMP) 0.25 S ND R

'R and S stand for resistance and sensitivity to antibiotics respectively. “MIC could not be

determined due to the absence of zone of clearing.









  MG16155                     EC958 

Antibiotics  MIC (µg/ml)  R/S1  MIC (µg/ml)  R/S 

Colistin (CST)  0.38  S  0.50  S 

Doxycycline (DOX)  2.0  S  12  R 

Gentamicin (GEN)  0.38  S  1.5  S 

Kanamycin (KAN)  0.38  S  ND2  R 

Minocycline (MIN)  3  S  3  S 

Tetracycline (TET)  1  S  48  R 

Trimethoprim (TMP)  0.25  S  ND  R 

 

1

R and S stand for resistance and sensitivity to antibiotics respectively. 

2

MIC could not be 

determined due to the absence of zone of clearing. 
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Optical density (600 nm) Optical density (600 nm)

Optical density (600 nm)
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image36.emf
Bacterial strain Antibiotic MIC ipiosc. alone (ug/ ml)  MIC, ipioic With PhotoCORM X FIC® Interaction
(ng/ ml)

EC958 CST 8 1 0.31 Synergy
DOX 100 25 0.28 Synergy
LL37 32 8 0.5 Synergy
OTC >240 >240 - Indifference
PMB 2 0.25 0.25 Synergy
TET >240 60 0.75 Additive

MG1655 OTC 4 0.25 0.28 Synergy
TET 2 0.5 0.31 Synergy










Bacterial strain  Antibiotic  MIC

antibiotic

a

  

alone (µg/ ml)  MIC

antibiotic 

with PhotoCORM  

(µg/ ml) 

Σ FICb  Interaction 

           

EC958  CST  8  1  0.31  Synergy 

DOX  100  25  0.28  Synergy 

LL37  32  8  0.5  Synergy 

OTC  >240  >240  -  Indifference 

PMB  2  0.25  0.25  Synergy 

TET  >240  60  0.75  Additive 

         

 

MG1655 

 

OTC 

 

4 

 

0.25 

 

0.28 

 

Synergy 

  TET  2  0.5  0.31  Synergy 

	


image37.emf
Viability (log CFU/ ml)
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Intracellular Mn content

Extracellular Mn content
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Sample conditions
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Sample condition

Genes involved in:

Responses to reactive oxygen species Response to membrane Response to DNA
damage damage
soda ahpC spy recA
PhotoCORM 1.4+ 0.014 1.08 £0.16 0.90 = 0.029 1.2+0.15
PhotoCORM + CST 2.1+£0.22° 1.9+ 0.43 2.6 £0.82 1.8 +£0.32
CST 1.5 +0.060° 0.99+0.079 1.2 £0.085 1.1 £0.029










Sample condition  Genes involved in: 

Responses to reactive oxygen species  Response to membrane 

damage 

Response to DNA 

damage 

soda 

 

  ahpC  spy 

 

recA 

PhotoCORM  1.4 ± 0.014    1.08 ± 0.16  0.90 ± 0.029  1.2 ± 0.15 

PhotoCORM + CST   2.1 ± 0.22a     1.9 ± 0.43  2.6 ± 0.82  1.8 ± 0.32 

CST  1.5 ± 0.060a    0.99 ± 0.079  1.2 ± 0.085  1.1 ±0.029 
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Sample condition

PhotoCORM
PhotoCORM+ DOX
DOX

Genes involved in:

Responses to reactive oxygen species Response to DNA damage Tetracycline resistance
sodA recA tetA
0.97 £ 0.039 1.45+0.072 0.77 £0.100
0.26 £ 0.066 3.62+£0.265 18.16 + 1.283
0.51+0.211 1.43 £0.229 42.92 £ 6.055










Sample condition      Genes involved in:   

  Responses to reactive oxygen species 

sodA 

Response to DNA damage 

                      recA 

Tetracycline resistance 

tetA 

PhotoCORM  0.97 ± 0.039  1.45 ± 0.072  0.77 ± 0.100 

PhotoCORM+ DOX  0.26 ± 0.066  3.62 ± 0.265  18.16 ± 1.283 

DOX  0.51 ± 0.211  1.43 ± 0.229  42.92 ± 6.055 
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