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Abstract

Copper homeostasis and Salmonella pathogenicity: Interplay with resistance to

nitrosative stress

Salmonella enterica serovar Typhimurium is responsible for a variety of diseases in domestic
animals and humans. The infection of mice causes similar disease progression to human
typhoid fever, thus representing a model for this systemic disease. The ability of S.
Typhimurium to reside in a macrophage phagosome is important for their survival and
spread to different organs. The antimicrobial mechanisms in this compartment include
reactive oxygen species, reactive nitrogen species and elevated copper levels.

S. Typhimurium possesses two copper-exporting P1g-type ATPases, CopA and GolT, both of
which contribute to copper resistance. A previous study has shown that copper export by
CopA and GolT confers a survival advantage in resting macrophage phagosomes. In this
study the role of copper resistance systems has been examined further. The reduced
survival of AcopA/AgolT in macrophages is detected beyond 8 hours post infection and
coincides with increased nitrite production by macrophages. We have established that
AcopA/AgolT display some increased sensitivity to reactive nitrogen species. However,
whilst treatment of macrophages with the iINOS inhibitor L-NMMA reduced macrophage
bactericidal activity against wildtype S. Typhimurium, this was not the case for AcopA/AgolT.
In contrast, survival of AcopA/AgolT was not impaired in macrophages treated with the
copper-chelator BCS. Furthermore real-time PCR confirmed the expression of copA and
golT is elevated during infection of macrophages treated with IFN-y or L-NMMA, but is
reduced during infection of BCS treated macrophages. This indicates that bactericidal
activity in macrophages is associated with copper availability and this is unaffected by

reactive nitrogen species released due to iNOS activity.

In contrast to Escherichia coli Salmonella lacks a cus system associated with export across
the outer membrane and hence the mechanism of copper export from the periplasm is not
known. TolC was investigated as a potential outer membrane copper exporter based on
clustering of TolC dependent systems to genes with sequence similarity to the S.
typhimurium periplasmic copper chaperone CueP, across several bacteria. Mutation of tolC
gave reduced copper tolerance and over-accumulation of copper at non-lethal
concentrations under aerobic conditions. However TolC does not provide a role in copper
tolerance or homeostasis under anaerobic conditions. TolC also does not provide tolerance
or homeostasis to other divalent cations: Zn, Ni and Co. TolC therefore provides specific

transport of copper under aerobic conditions in S. Typhimurium.
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Chapter 1

Introduction

Salmonella remains a prevalent food borne pathogen that upon systemic infection takes
residence within macrophages and macrophage like cells. Recent reports have identified
copper as an antimicrobial agent within macrophages against intracellular S. Typhimurium
(Osman et al. 2010). This study focuses on how copper exerts its antimicrobial effects in
macrophages and the role of the S. Typhimurium copper resistance systems in defending
against copper and other antimicrobial agents produced by macrophages during an immune
response against Salmonella. Furthermore whilst previous work has provided detailed
knowledge of Salmonella copper homeostatic mechanism within the cytosol and periplasm, it
is largely unknown how copper is exported across the Salmonella outer membrane. This

study investigates potential outer membrane copper exporters of Salmonella.

1.1 Salmonella the genus

The Salmonella genus is characterised by: Gram negative, rod-shaped, motile bacteria.
Salmonella are a ubiquitous organism present in a variety of niches. The Salmonella genus
is categorised into two separate species: Salmonella enterica and Salmonella bongori. S.
enterica and S. bongori species account for more than 2500 serotypes. Serotypes are
categorised into 6 sub-groups using the Kauffman-White scheme that divides serotypes
based upon antigenic variation of; lipopolysaccharide (LPS, O antigen), capsule (Vi antigen)
and flagella (H antigen, White 1926, Kauffman 1966). S. enterica subspecies | infect warm
blooded hosts, whereas subspecies II-VII and S. bongori infect cold blooded animals. In rare
circumstances warm blooded animals have been infected by S. enterica subspecies IlI-VII

and S. bongori when immunocompromised (Aleksic et al. 1996, Giammanco et al. 2002).

1.2 Salmonella epidemiology and global impact

Food-borne pathogens remain a continual threat, with the World Health Organisation (WHO)
estimating 1.8 million deaths being caused by food borne pathogens in 2005. The vast
majority of these cases occurred within developing countries due to reduced hygiene in food
preparation and a lack of medical infrastructure due to financial constraints. Over 9,000
Salmonella clinical cases were reported in England and Wales for 2010 (Health protection

agency, HPA) and remain a present day food hygiene issue. Numerous Salmonella
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outbreaks have been traced to a variety of food products including; mayonnaise, orange
juice, bean sprouts and peanut butter (Jain et al. 2009, Ortega-Benito et al. 1992, Sheth et
al. 2011, HPA). A common association of Salmonella mediated infections is from poultry,
particularly eggs. Salmonella is capable of colonising the reproductive tract of hens and can
be transmitted within eggs without any signs of contamination to the egg (Keller et al. 1995).
However, live and attenuated Salmonella vaccinations are available for domestic animals but
are not required by law. The introduction of vaccination within the egg laying industry directly
correlates with a reduction of reported Salmonella infections. Prior to vaccination in 1993
>18,000 cases were reported which as previously stated has halved to approximately 9,000
cases during 2010 within England and Wales (HPA). Salmonella has also been detected
within the meat of infected animals including cattle and chickens, water or produce exposed
to faecal matter from infected animals (Abouzeed et al. 2000). Hence, there is a continuing
risk of Salmonella infections from a variety of food sources as well as due to poor standards
of hygiene.

1.3 Salmonella enterica

Food-borne pathogens cause infection through the faecal oral route, where infection occurs
from the ingestion of contaminated food or water. Two Salmonella enterica serovars
commonly associated with infection of humans are Salmonella enterica subspecies serovar
Typhi and Salmonella enterica subspecies serovar Typhimurium. S. typhi is the aetiological
agent for typhoid fever which is the systemic infection of S. typhi within a host. Usually S.
Typhimurium cannot cross the gastrointestinal tract in humans and remains localised to the
gut and leads to gastroenteritis. During infection of mice, however, S. Typhimurium is
capable of crossing the gut epithelial barrier and causing systemic disease. As such, S.
Typhimurium infection of mice is currently used as an infection model for studying systemic
S. typhi infection in humans (McClelland et al. 2001). Although genetic differences are
present between S. typhi and S. Typhimurium, the use of S. Typhimurium systemic
infections as a model for S. typhi infection of humans provides important information (Felix et
al. 1934, Parkhill et al. 2001).

1.3.1 S.typhimurium symptoms and disease

S. Typhimurium induced gastroenteritis symptoms include: diahorrea, fever, stomach pain

and nausea (Hohmann 2001). Symptoms typically arise between 12-72 hours from initial
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ingestion and last between 72 hours and two weeks. S. Typhimurium damages the gut
epithelium inducing the release of fluids into the intestinal lumen giving diahorrea symptoms.
S. Typhimurium can be shed within faeces for up to 10 weeks post infection (Santos et al.
2001). In cases of immunocompromised patients systemic S. Typhimurium infection has
been observed but is a rare occurrence (Lepage et al. 1990). Mortalities caused by non-typhi
Salmonella have increased in African countries due to increased numbers of the population
suffering from human immunodeficiency virus (HIV) infection and consequently are

immunocompromised (Sperber and Schleupner 1987).

1.3.2 S. typhi symptoms and disease

S. typhi infection of humans results in the systemic condition typhoid fever due to its ability to
cross the gut epithelia and disseminate within the body, preferentially targeting the spleen
and liver (Salcedo et al. 2001, Orskov and Moltke 1928). Symptoms of typhoid fever include
fever, malaise and bloody stools (Santos et al. 2001). Under rare circumstances the gall
bladder can become infected by S. typhi and periodically release S. typhi within bile
secretions resulting in re-occurring infections and shedding within faeces until the gall
bladder is removed (Gotuzzo et al. 1987). Typhoid fever has a mortality rate of
approximately 15% without antibiotic treatment. Typhoid fever is treated with antibiotics but a
rise in antibiotic resistance in the past 20 years has led to changes in the choice of
antibiotics used. Resistance to fluoroquinolone, chloramphenicol, tetracycline and ampicillin
has dramatically increased since early 1990s (WHO, Rowe et al. 1997). The rise of
resistance to fluroguinolones has been directly attributed to the use of fluroquinolones within
animal feed (Chiu et al 2002). Testing of meat from shop shelves identified the presence of
antibiotic resistant strains of Salmonella supporting the hypothesis that drug resistant

Salmonella are being passed on through the food chain (Threfall et al. 1996).

1.4 Salmonella pathogenesis

1.4.1 Surviving the stomach

Once Salmonella is ingested it proceeds to the stomach where it is exposed to a highly
acidic pH as low as 1. The acidic pH provides an antimicrobial killing mechanism against
harmful pathogens consumed. Mice deficient for gastric H'/K* ATPase are unable to
produce stomach acid and are more susceptible to food borne pathogens such as S.

Typhimurium and Campylobacter jejuni (Tennant et al. 2008). Salmonella is capable of
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surviving a highly acidic environment by the upregulation of an acid tolerance response
(ATR). An ATR is first initiated at a mild pH of 5.5—6, in a pre-shock acid tolerance response.
A secondary response is upregulated when Salmonella encounters a pH of <4 (Foster
1991). Without an initial pre-shock response Salmonella is more susceptible to killing at a
low pH. Four regulators have been identified for providing a role in the upregulation of >40
proteins during an ATR which are: RpoS, OmpR, Fur and PhoP (Rychlik and Barrow 2005,
Foster 1991). ATR proteins provide resistance to acidic pH by exporting H* from Salmonella
or by consuming H* within a chemical reaction. A key ATR protein is the FoF; H" ATPase
that exports H" by an antiport mechanism internalising Na* or K*, lowering cytosolic pH.
Numerous food-borne pathogens possess a FqF; exporter including: Listeria
monocytogenes, C. jejuni, Escherichia coli and S. Typhimurium (Foster and Hall 1991, Birk
et al. 2012, Conte et al. 2000). Numerous chemical reactions within Salmonella consume H*
ions. Both lysine and arginine can be combined with H* to form an amine derivative lowering
cytosolic pH. The addition of lysine and arginine to acid stressed Salmonella increased
survival (Alvarez-Ordonez et al. 2010). Salmonella also increases the ratio of saturated:
unsaturated fatty acids within its outer membrane which has been identified to increase
resistance to acidic pH (Alvarez-Ordonez and Prieto 2010). An additional ATR responses
include the synthesis of acid shock proteins that reduce the damage to macromolecules by

altering cellular metabolism and molecular chaperoning (Audia et al. 2001).

1.4.2 Salmonella qut colonisation

Pathogenic bacteria that survive the acidic stomach conditions reach the gut and need to
compete against an already established gut flora in a process termed colonisation resistance
(van der Waaji et al. 1971). Colonisation resistance features of the gut flora include:
competition for adhesion sites and production of toxins (Cursino et al. 2006). The ability of
Salmonella to induce inflammation within the gut is a significant advantage for establishing
itself within the gut flora. The commensal flora produces hydrogen sulphide (H,S) which is
toxic to the epithelial cells and is consequently converted to thiosulphate (S,05%) by the
caecum mucosal surface (Suarez et al. 1998). Salmonella cannot utilise thiosulphate as an
electron acceptor but the immune response triggered by Salmonella results in the production
of reactive oxygen species that oxidise thiosulphate to tetrathionate (S,0¢>). Salmonella can
use tetrathionate as a terminal electron acceptor for fermentation. Infections of mice with a
Salmonella mutant unable to utilise tetrathionate as an electron acceptor gave an ~80 fold
decrease in bacteria recovered from the gut compared to a parent strain (Winter et al. 2010).

Salmonella can also respire phosphatidylethanolamine produced by the fermentation of
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tetrathionate, giving a substantial advantage over the commensal gut flora (Thiennimitr et al.
2011). The ability to utilise tetrathionate and respire phosphatidylethanolamine gives no
advantageous effects for systemic growth only colonisation of the gut. Salmonella can also
out compete the gut flora by its ability to overcome zinc sequestration from the host zinc
chelator, calprotectin, by the presence of a high affinity zinc importer system, ZnuABC (Lui et
al. 2012).

Inflammation within the gut also promotes the expression of anti-microbial agents such as
Reg;B. RegyB is a C-type lectin that binds to peptidoglycan damaging the external
membrane of a bacterium. Reg;,8 provides antimicrobial activity against a number of gut
commensal flora but S. Typhimurium is resistant to RegB killing. S. Typhimurium avoids
Reg; B mediated killing due to its O-antigen reducing access to peptidoglycan although E.
coli possess a similar O-antigen and are sensitive to Regyf mediated killing (Stelter et al.
2011). Through avoiding killing by inflammation induced antimicrobials and reactive oxygen
species broadening available nutrients, Salmonella is able to flourish during a gut immune

response that does not benefit the commensal flora.

1.4.3 Salmonella crossing the gut epithelial barrier

Once Salmonella has reached the gut it begins to interact with the epithelial gut lining. Both
S. Typhimurium and S. typhi interact with the gut epithelial barrier but S. Typhimurium
cannot normally cross the human epithelial barrier. S. Typhimurium interacts with the gut
epithelium and damages the epithelial barrier, in particular tight junctions between adjacent

epithelial cells within 15 minutes of localisation (Jepson et al. 2000).

The recognition of antimicrobial agents of S. Typhimurium by the host induces an immune
response through the expression of pro-inflammatory cytokines and will be discussed further
in section 1.4.4. S. Typhimurium also utilises virulence factors that further augment the
expression of pro-inflammatory cytokines (Tak and Firestein 2001). S. Typhimurium
generates a stronger immune response within the gut than S. typhi. It is suggested that a
reduced immune response may enhance the ability of S. typhi to cross the gut epithelium
and cause systemic infection. S. typhi is capable of crossing the epithelial barrier by three
separate mechanisms: by exploiting M cells (figure 1.1), after being phagocytosed by a
CD18" cell which then itself crosses the gastrointestinal barrier; and can induce phagocytosis

by non-phagocyctic cells (Jones et al. 1994, Vazquez-Torres et al. 1999).
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Salmonella can cross the gut epithelial barrier through M cells typically within follicle-
associated epithelium of Peyers patches. M cells provide a more open architecture for
bacterial uptake than other cells within the intestine epithelia due to their role in sampling
antigen content within the gut lumen. Salmonella induced damage to M cells provides an
entry point to the gut associated lymphatic tissue (Jones et al. 1994). M cells present outside
of the follicle-associated epithelium of Peyers patches have been identified to contain
Salmonella after oral inoculation (Jones et al. 1994).

CD18" cells such as monocytes and macrophages as well as dendritic cells are able to
uptake Salmonella from within the lumen of the intestine then subsequently cross the gut
epithelial barrier and transport Salmonella within the blood stream (Vazquez-Torres et al.
1999). Salmonella is capable of diffusing the antimicrobial mechanisms that phagocytes
employ against phagocytosed pathogens, this will be discussed in greater detail later
(section 1.6). Survival within phagocytes enables Salmonella to utilise them as a method of
transport without inducing an immune response (Vazquez-Torres et al. 1999).

Salmonella can initiate phagocytosis by a trigger mechanism where Salmonella induces its
own uptake by the injection of virulence factors into a non-phagocytic cell by a type three
secretion system (T3SS, section 1.4.4). The injected virulence factors cause the re-
arrangement of the host cell cytoskeleton that uptakes Salmonella within a membrane bound
vacuole. Salmonella has virulence factors encoded within regions of its genome termed
Salmonella pathogenicity islands (SPIs) that are essential for virulence including T3SSs and
effectors (Francis et al. 1993). These pathogenicity islands have been acquired during the
evolution of Salmonella into a successful pathogen from its Enterobacteriaceae ancestor
(Hacker and Carniel 2001). Several of the SPI encoded proteins are believed to be a result
of phage transduction (Ehrbar and Hardt 2005, Ho et al. 2002).
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Figure 1.1 Salmonella can cross the gut epithelial barrier through M cells

Salmonella targets M cells within the gut epithelia to cross into the underlying lymphatic tissue
containing multiple immune cells. Salmonella can cross the epithelia barrier by uptake within CD18"
cells such as dendritic cells. Salmonella can also induce uptake in non-phagocytic cells such as
enterocytes which do not have such an open architecture as M cells, due to M cells pinocytic nature
and absence of mucus and glycocalyx layers (carbohydrate region of glycolipids and proteins within
an enterocyte plasma membrane). Enterocytes are protected from Salmonella interaction with the
plasma membrane by the presence of mucus and glycocalyx. Salmonella then disseminate around
the body through the movement of macrophages leading to systemic infection. Adapted from Heijdan
and Finlay (2012).

1.4.4 Triggering Salmonella uptake by a non-phagocytic cell

Upon reaching the intestine Salmonella pathogenicity island 1 (SPI1) is expressed. SPI1 is
essential for inducing uptake within epithelial cells of the gastrointestinal tract. SPI1 encodes
a T3SS; a hollow needle projection from the bacterium that injects virulence factors into the
host cell cytosol that induce modification to its cytoskeleton arrangement (Lin et al. 2008).
Salmonella mutants lacking a T3SS are avirulent (Watson et al. 1995, Galan 1999). SPI1

gene expression regulators include HilA, InvF and PhoPQ. HilA regulates the expression of
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the T3SS and InvF regulates exported virulence factors, PhoPQ also induces expression of
SPI1 virulence factors and will be discussed further in section 1.4.6 (Eichelberg and Galan
1999).

SPI1 effector proteins SipA and SipC perform important roles in modifying the host cell
cytoskeletal structure. SipA interacts directly with actin filaments lowering the threshold
concentration required for polymerisation and inhibits degradation of polymerised actin
(Zhou et al. 1999). SipC also instigates actin polymerisation and cross-linking of actin
filaments (Hayward and Koronakis 1999). The actions of SipA and SipC are additive despite
no structural similarities between the virulence factors. SipA enhances SipC
polyermerisation capabilities but only SipC is essential for uptake (McGhie et al. 2001).
Salmonella also influences cytoskeletal structure by altering the host cell’s signalling
cascade. SopE and SopE?2 are injected into the host cell and act as guanine nucleotide
exchange factors that stimulate the release of guanosine diphosphate (GDP) giving
increased efficiency of guanosine triphosphate (GTP) binding to Rho GTPases. SopE
interacts with Rho GTPases Cdc42 and Rac whereas SopE2 only interacts with Cdc42
(Hardt et al. 1998). SopE enhances activity of Rho GTPase by almost 10° (Rudolph et al.
1999). SopB is an inositol phosphatase that induces actin cytoskeletal rearrangement
through activation of Cdc42 through an independent pathway to SopE and SopE2 (Zhou et
al. 2001). A sopE/sopE2/sopB triple mutant has severely inhibited cytoskeletal modification
of host cells whereas single mutants exhibit no difference in host cell cytoskeletal
modification to wildtype (Zhou et al. 2001). The combined actions of the SPI1 virulence

factors mediate a change in membrane structure and triggers uptake of Salmonella.

Cell membrane ruffling is undone after Salmonella uptake by another SPI1 virulence factor,
SptP. SptP acts as a guanine activating nucleotide protein increasing the speed of GTP
hydrolysis and reducing enzyme activity, SptP reverses the cytoskeletal modifications after
Salmonella is internalised (Fu and Galan 1999). SopE, SopE2 and SptP are injected into the
host cell at the same time and induce opposing actions. SptP is degraded at a slower rate to
SopE and SopE2. Once SopE and SopE2 have been degraded SptP can undo the
modification to the cytoskeleton during uptake of Salmonella which is believed to be

important in reducing detection of Salmonella by the immune system (Fu and Galan 1999).

Salmonella pathogenicity island 2 (SPI12) has been identified to be involved in the survival of
the bacterium once internalised (Ochman et al. 1996). Although the distinct separation of the
roles of each SPI is a simplistic view, further research has identified the requirement of SPI2
virulence factors for uptake and SPI1 virulence factors for intracellular survival (Coburn et al.
2005).
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1.4.5 Systemic infection

Salmonella systemic infection whether S. typhi within humans or S. Typhimurium within mice
is characterised by Salmonella residing within macrophages or macrophage like cells,
typically those of the liver and the spleen. An interaction between Salmonella and a
macrophage does not guarantee uptake of the bacterium, internalisation of Salmonella by
phagocytosis occurs at a low rate of approximately 5% during in vitro infection experiments.
A secondary infection of a macrophage already infected by a Salmonella bacterium occurs
at an even lower percentage uptake rate (Gog et al. 2012). The internalisation of Salmonella
modifies the elasticity of a cell structure implying that infected macrophages have modified
structural properties (C. Bryant, University of Cambridge, private communication).
Salmonella is uptaken within a vacuole termed the Salmonella containing vacuole (SCV)
where it remains whilst within a macrophage. The number of Salmonella bacteria inside a
host cell is variable with more than 50 bacteria being visualised although this is not a
common feature with typically 1-3 bacteria being uptaken (Grant et al. 2009). When multiple
Salmonella are internalised within a macrophage from independent phagocytosis events
each bacterium has a separate SCV and when Salmonella replicates it is reported that the
SCV also replicates (Eswarappa et al. 2010). The presence of multiple SCV’s result in more
targets for the host cell to attack spreading a macrophage's arsenal of antimicrobial
defences, reducing the likelihood of killing all intracellular Salmonella. During an infection,
the increase in internalised Salmonella is due to both replication and an increase of infected
cells (Sheppard et al. 2003). Salmonella replicates within macrophages but the duration
Salmonella remains within an infected cell remains variable. Salmonella can initiate host cell
killing either within two hours of uptake by SPI1 inducing rapid killing by pyroptosis or after
twelve hours by SPI2 mediated apoptosis (Monack et al. 1996). The rapid killing of the host
cells seems counter-intuitive inhibiting Salmonella replication but results in a pro-
inflammatory response and the recruitment of more macrophages and consequently have

more targets to infect (Guiney 2005).
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1.4.6 Salmonella adaption for intracellular survival

Phagocytosed pathogens follow a digestion pathway inside phagocytic cells resulting in the
maturation of a phagosome. The maturation results in the acidification of the phagosome
and fusion of lysosomes to destroy the internalised pathogen. Salmonella inhibits the fusion
of lysosomes with the SCV by the actions of SPI2 encoded virulence factors (Buchmeier and
Heffron 1991). SPI2 also encodes a T3SS (T3SS2) that injects effecter proteins into the host
cell cytosol (Cid 2009). T33S2 is synthesised in response to nutrient limited conditions and
acidic pH, both of which are environmental signals experienced within the SCV (Deiwick et
al. 2002). SPI2 virulence genes are associated with survival inside host cells although SPI12
has been shown to be expressed prior to crossing the intestine (Brown et al. 2005). It has
also been shown that mutations in SPI2 expression also affect expression of SPI1 genes

(Deiwick et al. 1998). S. Typhimurium SPI2 mutants are avirulent in mice (Lee et al. 2000).

SpiC, an SPI2 virulence factor, inhibits the fusion of lysosomes with the SCV protecting
Salmonella and inhibiting completion of the endocytic pathway (Uchiya et al. 1999).
Salmonella reduces the number of lysosomes within a host cell as a possible contingency
strategy that if lysosome fusion cannot be blocked the overall potency of lysosome digestive
capabilities has been reduced (Eswarappa et al. 2010). Salmonella does not always
successfully block lysosome fusion although lysosome fusion also does not always result in
killing of Salmonella (Ishibashi et al. 1995).

SPI2 effectors enable the SCV to locate itself next to the Golgi apparatus where Salmonella
encourages the transport of nutrients to the SCV (Salcedo and Holden 2003). SPI2 virulence
factors also maintain the SCV integrity and prevent the maturation of the late endosome
state of the SCV by the fusion of lysosomes. SifA induces the synthesis of Salmonella
induced filaments around the SCV. SifA is essential for maintaining the SCV, a sifA mutant is
released in the cytosol shortly after uptake where it is killed, and consequently sifA mutants
are attenuated in mice (Stein et al. 1996, Beuzon et al. 2000). SPI1 also provides a role in
maintaining the SCV as SPI1 mutants have a reduced phagosome size in comparison to

wildtype Salmonella (van der Velden et al. 2000).

Salmonella within the SCV need to respond to changes within the macrophage to avoid
killing by antimicrobial mechanisms. PhoPQ is a two component regulator that senses the
external environment and alters gene expression accordingly. PhoQ is a cytoplasmic
membrane sensor that detects varying levels of Mg?*, Ca?* or cationic peptides within the
periplasm (Monsieurs et al. 2005, Murata et al. 2007). At micro molar levels of Mg®*, a sign

of an internalised environment, PhoQ self phosphorylates and transfers a phosphate group
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to a PhoP (Groisman 2001), PhoP dimerises and binds to pho regulated promoters and
modulates gene expression. Two component regulators are explained in greater detail later
(section 1.9.2). Over 40 genes are regulated by PhoPQ; some of which provide key
adaptations for intracellular survival such as the inclusion of aminoarabinose and fatty acids
to the lipid A component of LPS that lowers the risk of detection by toll-like receptors (TLRs,
Miller et al.1989, Soncini et al. 1996). PhoPQ also regulates the expression of both SPI1 and
SPI2 inducing the expression of SPI1 genes in high Mg?* levels as seen within the gut and
inducing SPI2 genes in low Mg®* levels such as inside a macrophage. PhoPQ can reduce
the expression of SPI1 encoded virulence factors and flaggelin reducing the agents that
TLRs can detect (Adams et al. 2001). PhoPQ upregulates SPI2 genes including low pH
tolerance genes and genes involved in maintaining SCV integrity (Bearson et al. 1998).
Mutants for phoPQ are avirulent highlighting the importance of continual adaptation by
Salmonella during infection of macrophages (Monsieurs et al. 2005).

1.5 Host response to Salmonella

1.5.1 Host detection of Salmonella

S. Typhimurium infection of mice has revealed the importance of the recruitment of immune
cells by inflammation in order to clear Salmonella infection. The recognition of Salmonella by
the immune system is essential to mounting an immune response. Immune cells detect
conserved pathogen traits called pathogen associated molecular patterns through receptors
on their surface called pattern recognition receptors. A key family of pattern recognition
receptors for detecting pathogens are the TLRs. TLRs induce expression of pro-
inflammatory cytokines such as; interferon gamma (IFN-y), tumour necrosis factor alpha
(TNF-a) and interleukin 6 (IL-6) (Kaiser et al. 2000). Each member of the TLR family bind
specific bacterial ligands such as: TLR4 binds LPS, TLR5 binds flagellin and TLR9 binds
unmethylated DNA (Lee et al. 2007). TLR4 is essential for providing an early inflammation
response to Salmonella enabling macrophages to become activated (Talbot et al. 2009).
TLR4 knockout mice have significantly reduced killing capabilities and are unable to remove
a Salmonella infection (O'Brien et al. 1980, O'Brien et al. 1995). The recognition of flagellin
by TLR5 is key for providing inflammation within the gut, stimulating the expression of IL-8
by nuclear factor kappa B (NF-kB) mediated expression (Yu et al. 2003). Flagellin mediated
inflammation requires a functional SPI-1 and SPI-2 that provide inflammatory actions

separately. SPI1 is required to induce flagellin mediated activation of caspase-1 (Miao et al.
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2006). SPI2 is required for translocation of flagellin into the intestine epithelia upon contact
(Lyons et al. 2004).

Another subset of eukaryotic immunoreceptors are the Nod like receptors (NLR), which also
provide immunodetection of foreign agents. NLRs are located within the cytosol of a host cell
and also bind PAMPs and stimulate an immune response upon activation. The NLR family
also bind varying substrates depending on the receptor, as previously stated with the TLR
family. NLR3 responds to pore-forming toxins or extracellular adenosine triphosphate (ATP);
whereas NLR4 binds a different region of flagellin to that of TLR5 and is essential for
upregulating caspase-1 (Koo et al. 2008, Franchi et al. 2007). Upon binding the correct
antimicrobial molecule a NLR oligomerises binding a recruitment protein that contains a
caspase-1 recruitment site, caspase-1 is recruited and activated forming an inflammasome
that can activate IL-1p and inactive IL-18 and initiate cell death by pyroptosis (Lara-Tejero et
al. 2006).

1.5.2 Immune response against Salmonella infection in the qut

The immune system responds to the infection of Salmonella within the gut and Salmonella
potentiates the immune response through the actions of its injected virulence factors. SipC
binds and activates caspase-1 converting inactive IL-1B and IL-18 into their active forms
producing a pro-inflammatory immune response (Hersh et al. 1999). The activation of
caspase-1 can initiate pyroptosis of the host cell; this is a form of cell death that is
distinguishable from apoptosis (Hobbie et al. 1997). Pyroptosis is caspase-1 dependent
degradation of DNA but the nucleus retains its integrity during degradation unlike apoptosis
when nuclear fragmentation is visible (Bergsbaken et al. 2009). SopB, SopD, SopE, SopE2
and SipA modification of the host cell cytoskeleton activates mitogen associated protein
kinases particularly Cdc42, that results in the downstream signalling activation of the
transcription factor NF-kB. NF-kB upregulates the expression of pro-inflammatory
chemokines; IL-1, IL-6, IL-8 and TNF-a (Tak and Firestein 2001).

1.5.3 Immune response against systemic Salmonella infection

The initial immune response to Salmonella consists of the innate immune system,
specifically: dendritic cells, macrophages and neutrophils. The innate immune system aims
to both kill Salmonella and present Salmonella antigens to T and B cells activating the
adaptive immune system (Rosenberger and Finlay 2003, Kalupahana et al. 2005).
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Salmonella has developed several mechanisms to avoid killing and inhibit antigen
processing. Once macrophages encounter Salmonella they phagocytose Salmonella and
produce various antimicrobial stresses including: reactive oxygen species (ROS), reactive
nitrogen species (RNS) and varying metal ion levels. It is currently not known which
receptors are involved in the recognition and uptake of Salmonella by phagocytosis.
Salmonella preferentially resides within macrophages due to their ability to detoxify the

internal antimicrobial threats and avoid further immune responses such as complement.

Neutrophils also uptake Salmonella and have increased killing efficiency against Salmonella
than macrophages. Reports have confirmed Salmonella is killed and does not replicate
within neutrophils unlike macrophages (Weiss et al. 1982). Macrophages can kill Salmonella

but require IFN-y or LPS activation prior to infection to do so (Gilberthorpe et al. 2007).

Dendritic cells uptake Salmonella within the gut. Salmonella is able to inhibit its degradation
and antigen presentation unless opsonised (Tobar et al. 2006). Virulence factors within SPI2
such as SifA and SopD2 inhibit antigen presentation which prevents the activation of
immature T cells within lymph nodes and an adaptive immune response (Cheminay et al.
2005). Salmonella can still be killed by the adaptive immune system by virtue of cytotoxic
and natural killer T cells. The innate immune system also upregulates an immune response
through the release of cytokines and chemokines. Pro-inflammatory cytokines and
chemokines: IL-183, IL-18, chemokine ligand 2 (CCL2) and CCL20 stimulate the recruitment
of more leukocytes to the gut (Burkey et al. 2007).

The adaptive immune system gives a polarised response based on the location of the
pathogen. The available options for an adaptive immune response are an intracellular
infection response, T helper-1 or an extracellular immune response, T helper-2. Salmonella
induces a Th1l response due to its preference to reside within macrophages. Key cytokines
in a Th-1 response are: IL-12, IL-18 and IFN-y. IL-12 and IL-18 are produced by
macrophages that have encountered Salmonella and stimulate the expression of IFN-y by T
cells, natural Killer cells, neutrophils and macrophages (Ramarathinam et al. 1991, Kirby et
al. 2002). IFN-y activates macrophages to produce significantly greater antimicrobial threats
against Salmonella, which as the main niche for Salmonella survival is key to their killing.
IFN-y activation stimulates increased expression of INOS that produces nitric oxide; nitric
oxide contributes to increased killing of intracellular Salmonella and is further discussed in
section 1.6.3. Mice knockouts for IFN-y have significantly reduced survival upon infection
with S. Typhimurium. The administration of IFN-y into an IFN-y deficient mice give a
significant reduction in the number of S. Typhimurium within organs (Nauciel and Espinasse-

Maes 1992, Matsumura et al. 1990). The exact antimicrobial mechanisms by which
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Salmonella is killed remains unknown and is believed to be from the collaborative effort of

several antimicrobial mechanisms working in combination.

1.5.4 Natural resistance associated macrophage protein (Nramp)

Nramp is a family of transporters that transport divalent metal ions. The eukaryotic Nrampl
transporter associates with a phagosome and has been shown to provide resistance in
macrophages against intracellular pathogens such as S. typhi, M. tuberculosis and
Leishmania donovani (Crocker et al. 1984, Plant et al. 1982). Nramp1l transports divalent
cations across the phagosomal membrane by a H" antiport mechanism, although the
direction of transportation and the metal transported remains an area of debate. One
hypothesis is that iron is transported into the phagosome and catalyses the formation of
reactive oxygen species by Fenton chemistry (Goswami et al. 2001). Research groups
Zwilling et al. (1999) and Kuhn et al. (1999) have identified increased import of iron into
phagosomes and increased levels of hydroxyl radical formation compared to an nrampl
mutant. Although an alternate theory is that iron is transported out of the phagosome by
Nramp1 limiting iron levels that are required for bacterial growth (Gomes and Appelberg
2002). Phagosomes from macrophages with functional Nrampl exclude manganese divalent
ions to a greater capacity than nrampl mutant macrophages supporting the hypothesis that
Nrampl is involved in the removal of Mn?*, an important trace metal (Kehres et al. 2002).
Several polymorphisms of nrampl have been identified, humans have varying resistance or
susceptibility to intracellular pathogens dependent on the polymorphism they encode
(Blackwell and Searle 1999).

1.6 Reactive species

Internalised pathogens are exposed to several antimicrobial threats. Reactive species are

produced by phagocytes to kill and inhibit replication of phagocytosed pathogens.

1.6.1 Reactive oxygen species

Reactive oxygen species are oxygen based ions with an unpaired electron. Superoxide (O,)
is synthesised by the multi-subunit enzyme nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, which is assembled at the site of phagocytosis and incorporated into the

phagosome membrane (Aljada et al. 2002). NADPH oxidase consists of five Phox subunits:
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40, 47, 67, 22 and 91. A mutation in any of the phox genes that encode the subunits: 22, 47,
67 and 91 results in a condition termed chronic granulomatos disease. Humans suffering
from chronic granulomatos are subject to re-occurring infections by catalase positive
pathogens such as S. Typhimurium, Staphylococcus aureus and Aspergilus fumigatus
(Assari 2006). Studies have identified that the administration of IFN-y improves patient

resistance to catalase positive pathogen infections (Malmvall and Follin 1993).

Oxygen is reduced to superoxide in a two step process; NADPH electron buffering system
provides an electron to flavin adenine nucleotide (FAD), FAD then transfers the electron to
the haem group of NADPH oxidase that reduces oxygen (Koshkin et al. 1993). The electron
configuration of superoxide and other reactive species are shown within figure 1.2.
Superoxide can readily interact with a pathogen or can react with other antimicrobial
molecules such as: reactive nitrogen species or chlorine to provide varying antimicrobial
agents (Bannister and Bannister 1985). Reactive oxygen species do not combine with
chlorine within macrophages but do so in neutrophils through the action of the enzyme
myeloperoxidase that produces hypochlorous acid (Klebanoff 1967). The presence of
myeloperoxidase within neutrophils is believed to contribute to neutrophils having greater
ability to kill Salmonella than macrophages. Superoxide and nitric oxide (NO’) can combine
to form the reactive species peroxynitrite (ONOQO"). Peroxynitrite is a highly oxidising
compound capable of damaging multiple macromolecules and will be discussed in greater

detail later (section 1.6.5).
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Figure 1.2 Electron configurations of peroxynitrite, nitric oxide, superoxide and hydroxyl

radical

Outermost electron shell of reactive species displayed with dots representing electrons. Peroxynitrite
and superoxide contain one extra electron than the oxygen and nitrogen atoms that constitute the
molecules would typically contain, giving the molecule a negative charge. Nitric oxide and hydroxyl
radical both have an unpaired electron and require one electron to obtain a full outer-shell,

consequently both are highly reactive in an attempt to gain an electron.

The negative charge of superoxide inhibits passive diffusion across a membrane and
consequently enters Salmonella through porins in the outer membrane (Imlay and Imlay
1996). It is uncertain how superoxide crosses the cytoplasmic membrane. The oxidation of
DNA and increase in reactive oxygen stress response genes indicate that superoxide and
other reactive oxygen species cross the cytoplasmic membrane in Gram negative organisms
(Sakai et al. 2006). Another reactive oxygen species compound encountered during
internalisation of a macrophage is hydrogen peroxide (H,O,). By definition hydrogen
peroxide is not a reactive oxygen species but an intermediate molecule that is capable of
producing highly potent hydroxyl radicals (OH’). Hydroxyl radicals are formed when
hydrogen peroxide is reduced in the presence of a redox agent such as a metal by
undergoing Fenton chemistry (Fenton 1894). Due to the uncharged nature of hydrogen
peroxide it is capable of passively diffusing across a membrane. The risk of Fenton
chemistry occurring between freely diffusible hydrogen peroxide and metals within the
cytosol is a possible factor of why metal homeostasis is tightly regulated within several
pathogenic organisms. Sources of hydrogen peroxide include production by Salmonella itself
during aerobic respiration from the leakage of electrons within the electron transport chain
reducing water in the presence of a hydrogen ion. The production of hydrogen peroxide

during respiration is estimated to be between 1-4% of oxygen consumption (Gonzalez-
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Flecha and Demple 1995). Hydrogen peroxide is also produced from the dismutation of

superoxide by superoxide dismutase enzymes.

Reactive oxygen species damage and kill intracellular pathogens through targeting: DNA,
proteins and lipids (Fang 2004). Reactive oxygen species can oxidise nucleotide bases and
proteins containing tyrosine, cysteine and methionine residues altering their structure
(Wefers et al. 1987). Reactive oxygen species damage lipids by lipidperoxidation of
unsaturated lipids particularly within bacterial membranes, the reactive nitrogen specie nitrite
ion (NO,) can also initiate lipid peroxidation. The peroxidation of unsaturated lipids can
induce a chain reaction of lipid peroxidation shown in figure 1.3 (Girotti 1985).
Lipidperoxidation can also transfer electrons to other ligands spreading the damaging effects

to other locations within a bacterium.

OH:/ ONOO-/NO,/ O, LOOH NO.--
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Figure 1.3 Reactive oxygen species generation of lipid peroxidation

Several nucleophiles; OH, ONOQO’, 'NO, and O, can initiate the formation of a lipid radical by
attacking the covalent carbon-carbon double bond in a mono or poly-unsaturated lipid. The oxidation
of a lipid radical to give lipid peroxide can then act as a nucleophile to another unsaturated lipid giving
rise to another lipid radical whilst remaining a lipid radical itself. Copper can also play a significant role
in potentiating lipid peroxidation.
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1.6.2 Salmonella detoxification of reactive oxygen species

Salmonella directly prevents reactive oxygen species damage by inhibiting the localisation of
NADPH-oxidase containing vesicles to the SCV by SPI2 virulence factors (Vazquez-Torres
et al. 2000). In the event Salmonella is exposed to reactive oxygen species several reactive
oxygen species detoxification pathways are upregulated. Three transcription regulators:
OxyR, SoxR and RpoS have been identified to provide a response to reactive oxygen
species within Salmonella. OxyR is the most important reactive oxygen species response
transcription factor and upregulates an oxidative stress response in both E. coli and S.
Typhimurium (Blanco et al. 1995). OxyR contains two conserved sulphur amides at positions
199 and 208 that under oxidative stress form a disulphide bond that enables OxyR to
dimerise and upregulate a change in gene expression. OxyR upregulates multiple reactive
oxygen species detoxification systems including; nonspecific binding protein (dps),
glutathione reductase (gor), glutaredoxin (grxA), catalase (katG) and akyl hydroperoxide
reductase (aphCF) (Christman et al. 1985, Morgan et al. 1986). SoxR senses reactive
oxygen species through a [2Fe-2S] cluster, that in the presence of reactive oxygen species
becomes oxidised, and upregulates expression of SoxS (Krapp et al. 2011). The mechanism
by which SoxR is activated by reactive oxygen species is currently unclear and is
hypothesised to be dependent upon the oxidation state of the NADPH/NADP* cytosol pool.
SoxS enhances the upregulation of the SodA Mn-containing superoxide dismutase providing
detoxification of superoxide (Fang et al. 1997). RpoS upregulates the expression of
catalases KatE and KatN and DNA exonuclease Il to remove oxidised nucleotides
(Eisenstark et al. 1996).

Glutathione (GSH) can also scavenge reactive oxygen species and promote their
degradation, glutathione peroxidase (ButE) degrades hydrogen peroxide in a glutathione
dependent manner, and glutathione is discussed further in section 1.7.2 (Chesney et al.
1996, Arenas et al. 2010). Salmonella also has an abundance of enzymes to detoxify
superoxide and hydrogen peroxide. Superoxide dismutases (Sod) detoxify superoxide into

hydrogen peroxide as show below.
OZ- + 2HZO — 2H202

Salmonella contains four Sod enzymes; two Cu, Zn Sods, (SodC, and SodC,) in the
periplasm and two cytoplasmic Fe (SodB) and Mn (SodA) Sod enzymes. All four superoxide
dismutase enzymes detoxify superoxide, the redundancy emphasises the importance of
superoxide detoxification to Salmonella. A double mutant for sodA/sodB is highly susceptible

to reactive oxygen species, exhibiting killing at UM concentrations in comparison to wildtype
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that is capable of survival mM concentrations (Craig and Slauch 2009). The periplasmic Cu,
Zn Sod enzymes do not provide as essential role in superoxide detoxification as observed
for the cytoplasmic Sod enzymes. SodC, and SodC, are believed to be important for
extracellular detoxification of O, such as produced by NADPH oxidase in macrophages.
SodC, has been reported to be important during an infection of macrophages but there are
conflicting reports on whether SodC,, provides a role in virulence (Uzzau et al. 2002,
Golubeva and Slauch 2006).

The detoxification of superoxide to hydrogen peroxide alleviates the threat of superoxide but
hydrogen peroxide is readily able to produce hydroxyl radicals in the presence of a redox
metal. Salmonella has six enzymes: AphC, BtuE, Katg, KatG, KatN and TsaA, capable of

detoxifying hydrogen peroxide into water and oxygen as shown in the equation below.
2H202 — 2H20 + 02

Again the redundancy of enzymes capable of detoxifying hydrogen peroxide emphasises the
importance of its efficient removal. KatE, KatG and KatN are catalase enzymes that are the
main mechanisms of hydrogen peroxide detoxification. Catalase does not become saturated
by hydrogen peroxide at any concentration highlighting the efficiency of the enzyme (Lledias
et al. 1998). KatG is located within the periplasm whereas KatE and KatN are located in the
cytosol. As seen with the Sod enzymes, Salmonella therefore has a two layered
detoxification system split between the periplasm and cytoplasm capable of detoxifying both
superoxide and hydrogen peroxide. Salmonella also contains two cytoplasmic alkyl
hydroperoxide reductases: AphC and TsaA that are also capable of detoxifying hydrogen
peroxide (Mehta et al. 2007). Hebrard et al. (2009) identified that S. Typhimurium is only
susceptible to hydrogen peroxide when a penta-mutant for: katG, katE, katN, aphC and tsaA
was created. The penta-mutant could not grow in low concentrations of hydrogen peroxide
highlighting the importance of the catalases and alkyl hydroperoxide reductases in reactive
oxygen species resistance. An overview of reactive oxygen species detoxification in
Salmonella is shown in figure 1.4. The intracellular presence of iron chelators salmochellin
and enterobactin within S. Typhimurium provides reactive oxygen species protection
independent of iron levels, although the mechanism of protection remains unknown (Achard
et al. 2013). In the eventuality of reactive oxygen species damaging DNA the rec DNA repair
system is upregulated. A rec system mutant is attenuated during macrophage infection

unless reactive oxygen species damage is inhibited (Buchmeier et al. 1993).
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Figure 1.4 Reactive oxygen species detoxification within Salmonella

Hydrogen peroxide (H,0,) is capable of passively diffusing across the outer membrane where it can
be converted into water and oxygen by catalase, KatG. Alternatively hydrogen peroxide can diffuse
across the cytoplasmic membrane where it is detoxified by catalases KatN or KatE, alkyl
hydroperoxide reductases AphC and TsaA or by glutathione peroxidase BtuE. If hydrogen peroxide is
not removed or detoxified Fenton chemistry could occur between copper or another redox agent
generating highly antimicrobial hydroxyl radicals (OH’). Superoxide (O,) enters the periplasm through
porins in the outer membrane of Salmonella. Superoxide is detoxified by super oxide dismutase
SodC, and SodC,, in the periplasm. It is currently unknown how superoxide enters the cytosol, but

superoxide that does is detoxified by SodA and SodB.

1.6.3 Reactive nitrogen species

Reactive nitrogen species are nitrogen based ions or radicals with either one or two unpaired
electron(s), enabling the nitrogen species to initiate a chemical reaction as a nucleophile.
Humans possess three nitric oxide synthases (NOS): inducible nitric oxide synthase (iNOS),
endothelial nitric oxide synthase (eNOS) and neuronal nitric oxide synthase (nNNOS). Al
NOS enzymes catalyse the production of nitric oxide from L-arginine and oxygen as shown

in equation below.
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L-arginine and oxygen + NADPH — N-hydroxy-L-arginine + NADPH — L-citruline and nitric

oxide

The conversion of arginine and oxygen to citruline and nitric oxide is a five electron process
with the formation of an intermediate molecule N-hydroxy-L-arginine (Stuehr et al. 1999).
eNOS maintains vascular tone by the release of nitric oxide within blood vessels and nNOS
utilises nitric oxide as a signalling molecule in the nervous system (Bolotina et al. 1994,
Garthwaite et al. 1988). Inducible nitric oxide synthase (iINOS) as its name suggests is
inducible, and thus is only expressed when stimulated. iNOS produces nitric oxide to inhibit
bacterial growth within phagocytes. The inflammatory cytokines IL-1, TNF-a and IFN-y

upregulate the expression and production of INOS and nitric oxide (Possel et al. 2000).

1.6.3.1 Requlation of INOS

iINOS has a TATA box upstream of its promoter that is capable of binding multiple
transcription factors including: Interferon regulatory factor 1 (IRF-1), nuclear factor-kB (Nf-
kB), IFN-a-stimulated response element, tumour necrosis factor element and activating
protein (Xie et al. 1993). The two primary pathways of INOS activation are via IRF-1 by IFN-y
stimulation and Nf-kB from either LPS or TNF-a stimulation (Xie et al. 1994). iINOS is also
negatively regulated by TGF- which down regulates iINOS expression (Berg et al. 2007,
Pullamsetti et al. 2006). Nitric oxide is capable of reversibly binding to the haem group within
iINOS inhibiting further nitric oxide synthesis. Nitric oxide can also inhibit the addition of the
haem group to apo-protein of INOS preventing iNOS dimerisation and function (Albakri and
Stuehr 1996).

1.6.3.2 Nitric oxide antimicrobial pathology

Upon synthesis iNOS is located within vesicles present within the cytosol of macrophages
(Miller et al. 2004). Nitric oxide even though a free radical is relatively stable, capable of
travelling up to 300 um distances within a cell prior to reacting with a suitable target
(Lancaster 1997). The free electron present on the nitrogen atom occupies a 1-antibonding
orbital around the entire molecule rather than remaining localised to the nitrogen atom. The
dissociation of the electron from the nitrogen atom reduces the repulsion of electrons
surrounding the nitrogen atom giving greater stability of the nitric oxide radical. The ability of
nitric oxide to travel across large distances within a cell is also due to its hydrophilic nature

enabling nitric oxide to cross lipid membranes. However iNOS does not need to localise to
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phagocytosed endosomes for internal pathogens to come into contact with nitric oxide as
such inhibition of INOS localisation can affect the concentration of nitric oxide a

phagocytosed pathogen encounters.

Reactive nitrogen species directly target lipids, proteins and to a lesser extent DNA. Not all
reactive nitrogen species can damage DNA; dinitrogen trioxide (N,O3) can attack DNA
causing deamination of a nucleotide. Nitric oxide has a weak damaging effect on DNA but
can inhibit DNA replication. For example nitric oxide can displace zinc within zinc finger
motifs' present in DNA polymerase (Schapiro et al. 2003). The ability of reactive nitrogen
species to interact with metalloproteins is further discussed later (section 1.6.3.4). '‘NO. is
currently the only know reactive nitrogen species capable of initiating lipid peroxidation,
altering bacterial membrane fluidity, and can lead to a peroxide chain reaction as previously
described (section 1.6.1). Reactive nitrogen species can also modify a variety of amides
through nitrosation, nitrosylation and nitration that will be explained later (refer to section
1.6.3.3, Lui et al. 1998). An example of reactive nitrogen species inhibiting protein function is
inhibition of respiration by binding to cytochrome ¢ oxidase preventing its ability to reduce
oxygen (Torres et al. 1995).

The importance of reactive nitrogen species in preventing internal bacterial pathogens has
been highlighted in iINOS knockout mice that have increased susceptibility to L.
monocytogenes and S. Typhimurium (Nathan and Shiloh 2000). Nitric oxide can inhibit the
transcription of SPI2 virulence genes and PhoP regulated genes within S. Typhimurium if a
threshold of nitric oxide is present. Repression of SPI12 and PhoP is seen within LPS or IFN-
y activated macrophages, but not within non-activated macrophages (Bourret et al. 2009).

The first reactive nitrogen species Salmonella encounters is in the stomach. Nitrate ingested
from food is converted into nitrite by commensal oral flora in the mouth that is converted into
acidified sodium nitrite (ASN) under the acidic conditions of the stomach (Pinheiro et al.
2012). ASN is a reactive nitrogen species generator exposing ingested Salmonella to
reactive nitrogen species prior to cell invasion (Benjamin et al. 1994). Intracellular reactive
nitrogen species are synthesised in response to cytokine stimulation whereas reactive
oxygen species are pre-synthesised awaiting recognition of a foreign pathogen. In vitro
experiments indentified that reactive nitrogen species are not produced by macrophages
until approximately 8 hours after infection (Eriksson et al. 2003). The primary function of
reactive nitrogen species is to inhibit further replication of the intracellular pathogen. Infection
experiments with cell line macrophages and primary macrophages exhibit replication of
internal Salmonella upon iINOS inhibition (Mastroeni et al. 2001). This is also seen for other

intracellular pathogens including: Chlamydophilia pneumonia and M. tuberculosis (Carratelli
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et al. 2005, Aston et al. 1998). Reactive nitrogen species have also been shown to inhibit
viral infection for example; Coxsackie virus and Dengue virus (Zaragoza et al. 1997,
Charnsilpa et al. 2005).

1.6.3.3 Nitrosylation, nitrosation and nitration

Reactive nitrogen species can initiate; nitrosylation, nitrosation and nitration of ligands.
Nitrosylation is the addition of a nitric oxide derived radical NO" or NO™ that forms a RNO
group. Nitrosation is the direct donation of a nitric oxide or nitric dioxide radical from a
compound forming a RNO group. Nitration is the addition of NO, or NO," to an amide.
Reactive nitrogen species preferentially target sulphur ligands, the nitrosylation of a sulphur
group is termed S-nitrosylation and nitrosation termed S-nitrosation. Nitrosylation and
nitrosation provide a storage of reactive nitrogen species radicals that are capable of
undergoing denitroslyation or denitrosation due to the labile properties of the covalent bond
formed by NO groups (Vannin et al. 1997). The detoxification of nitrosylation and nitrosation
requires a different mechanism of action to nitric oxide, although overlap in nitric oxide
detoxification system and RNO detoxification has been identified. Hmp and NorV have been
identified to provide denitrosylation action in S. Typhimurium and N. Meningitidis,
respectively (Crawford and Goldberg 1998). S-nitrosoglutathione reductase is capable of
detoxifying S-nitrosylation and is conserved across numerous species from humans to
bacteria (Lui et al. 2001). The detoxification of nitrosylation and nitrosation groups is an

expanding field and its importance in virulence is still under investigation.

1.6.3.4 Nitric oxide interactions with metals

Nitric oxide is capable of interacting with a variety of metal atoms, in particular iron. The
binding of nitric oxide to iron-sulphur clusters inhibits protein function although this only
occurs in enzymes that have an open pathway to the Fe-S cluster such as aconitase

(Copper 1999). In addition to iron, nitric oxide is capable of displacing a variety of other

metals from bound ligands, in various organisms with some examples listed in table 1.1
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Table 1.1 Examples of metalloproteins susceptible to de-metallation by reactive nitrogen

species

Organism Metal Protein

M. tuberculosis Cu Metallothionine
E. coli Zn DNA polymerase
Mice Cd Metallothionine

(Pearce et al. 2000, Binnet et al. 2002 and Gold et al. 2008)

1.6.4 Salmonella detoxification of reactive nitrogen species

1.6.4.1 Aerobic detoxification of reactive nitrogen species

Under aerobic conditions Salmonella detoxifies nitric oxide through its flavoheamoglobin
(Hmp) that reduces nitric oxide into a nitrate ion (NO3’, Crawford and Goldberg 1998). Hmp
is an iron containing metalloprotein that was discovered within E. coli (Vasudevan et al.
1990). Hmp contains a haem group within its C-terminal domain which is both the site of
nitric oxide binding and recipient of electrons to catalyse reduction. Expression of hmp is
regulated by the nitric oxide sensitive transcription factor NsrR. NsrR negatively regulates
the expression of hmp by binding upstream of the hmp gene and inhibiting transcription. In
the presence of nitric oxide a conserved iron-sulphur cluster [2Fe—-2S] within NsrR is
nitrosylated which inhibits its DNA binding capabilities removing NsrR repression and
enabling hmp expression (Tucker et al. 2008). NsrR is a conserved regulator present in
several intracellular pathogens including: M. tuberculosis, E. coli and Neisseria meningitidis
(Bodenmiller and Spiro 2006, Rock et al. 2007). During S. Typhimurium infections of
macrophages hmp is expressed indicating its role in detoxifying nitric oxide produced by
INOS. An nsrR mutant does not have any reduced tolerance to reactive nitrogen species but
has increased killing within macrophages due to over expression of Hmp that has been
implicated in generating reactive oxygen species (Gilberthorpe et al. 2007). In the absence
of nitric oxide, Hmp can catalyse electron donation to oxygen, cytochrome c and several iron
containing compounds generating potentially harmful products (Vausedevan et al. 1995,
Andrews et al. 1992).
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1.6.4.2 Anaerobic detoxification of reactive nitrogen species

Under anaerobic conditions reactive nitrogen species detoxification within Salmonella is
performed by the flavorubedoxin, NorV and the cytochrome c nitrite reductase, NrfA. NorV
functions with the aid of NorW to remove nitric oxide within Salmonella under anaerobic
conditions. NorV catalyses the conversion of nitric oxide into nitrous oxide (N,O). NorW is a
flavoprotein that reduces NorV after catalysing the conversion of nitric oxide into nitrous
oxide enabling NorV to reduce another molecule of nitric oxide. The expression of norVW is
regulated by the transcription factor NorR that activates transcription in the presence of nitric
oxide donors and S-nitrosoglutathione (GSNO, Flately et al. 2005). NorR senses nitric oxide
through a mono-nitrosyl iron group that stimulates activation of an ATP hydrolysing core

which subsequently stimulates os, driven RNA polymerase (D’Autreaux et al. 2005).

NrfA is a cytochrome oxidase that is conserved across many enteric pathogens and converts
nitrite (NO,) or NO' into ammonium (NH,4") under anaerobic or microaerobic conditions. NrfA
detoxifies NO" into NH," with a similar rate of ~840 NO- molecules s, compared to 700 NO5’
molecules s™ (van Wonderen et al. 2008). NrfA is positively regulated by anaerobic
transcription regulator FNR (fumarate nitrate reduction transcription regulator). FNR has four
conserved cysteine residues of; 20, 23, 29 and 122 that provide detection of oxygen via a
[4Fe-4S] cluster that under anaerobic conditions dimerises (Sharrocks et al. 1990,
Khoroshilova et al. 1995). Dimerisation is key to binding of DNA and upregulation of gene
expression. Phosphorylated nitrate and nitrite detecting protein NarL or NarP can bind with
FNR to further activate transcription. NarL is phosphorylated in presence of nitrate whereas
NarP is phosphorylated in the presence of nitrate and nitrite (Darwin and Stewart 1995).
Within E. coli nrfA is negatively regulated by NsrR but experiments have not yet been
performed to determine whether or not this is also the cause within S. Typhimurium (Filenko
et al. 2007). NrfA has been identified to be most active under an acidic pH leading to the
hypothesis that it is required during reactive nitrogen species exposure in the stomach (van
Wonderen et al. 2008). NrfA is located in the periplasm of Salmonella and consequently is
thought to be the first line of defence against reactive nitrogen species, if any reactive
nitrogen species then progress to the cytosol NorVW and Hmp are present to remove the
reactive nitrogen species threat depending on the availability of oxygen. Hmp can also
provide nitric oxide detoxification under anaerobic conditions converting NO' into N,O but is
significantly slower than its aerobic detoxification of nitric oxide, an estimated 100 fold
reduced nitric oxide turnover rate (Mills et al. 2001). A single mutant for either norV or nrfA

does not exhibit sensitivity to reactive nitrogen species under anaerobic conditions. However
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AnorV/AnrfA strain is sensitive to reactive nitrogen species under anaerobic conditions

highlighting the ability of NorV and NrfA to functionally replace the other (Mills et al. 2008).

A summation of the reactive nitrogen species detoxification pathways within Salmonella is

shown in figure 1.5
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Figure 1.5 Reactive nitrogen species detoxification in Salmonella

Under aerobic conditions Hmp converts nitric oxide into nitrate. Under anaerobic conditions NorV
converts nitric oxide into nitrous oxide and NrfA converts nitric oxide and nitrite into ammonia. Nitrate
reductase NarZ and nitrite reductase NirB function under both aerobic and anaerobic conditions
converting nitrate to nitrite and nitrite to ammonium respectively. The presence of copper can oxidise
nitric oxide into a nitrosonium ion. Although, copper can be bound by glutathione inhibiting its

generation of nitrosonium ions.

1.6.4.3 Reactive nitrogen species repair and avoidance genes

Upon reactive nitrogen species damage, ytfE is highly upregulated, and encodes an iron
sulphur repair enzyme. A ytfE mutant exposed to nitric oxide does not have functional
aconitase B and fumarate A enzymes but upon addition of purified YtfE protein to ytfE

mutant cells, aconitase and fumarate enzyme functionality is restored (Justino et al. 2007).
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M. tuberculosis and S. Typhimurium inhibit the co-localisation of iINOS into the
Mycobacterium containing vacuole and SCV, respectively, reducing exposure to nitric oxide
(Miller et al. 2004 and Chakavortty et al. 2002).

1.6.5 Peroxynitrite

Despite reactive oxygen species and reactive nitrogen species having sequential roles in
antimicrobial defence their combination to form peroxynitrite has a key role in the
antimicrobial activities of macrophages (Beckman et al. 1992). Peroxynitrite is a strong
oxidising agent with greater antimicrobial potency than its constituents alone. Peroxynitrite is
capable of initiating damage to DNA, lipids and proteins. Peroxynitrite is transported through
ion channels in its anionic form (ONOQO") or in its conjugate acid state (ONOOH) by passive
diffusion (Romero et al. 1999). Peroxynitrite readily reacts with carbon dioxide to form
ONOOCO7, which is readily capable of oxidisation and nitrosylation of proteins and lipids
(Denicola et al. 1996). Exposure of S. Typhimurium to peroxynitrite gave an upregulation of
oxidative damage response genes: katG, and ahpC suggesting the peroxidation of
macromolecules within S. Typhimurium (McLean et al. 2010). As previously described
Salmonella contains two alkyl hydroperoxide reductases AphC and TsaA. An S.
Typhimurium double mutant for aphC and tsaA has increased sensitivity to peroxynitrite
(Bryk et al. 2000). However it is doubtful that within macrophages Salmonella is exposed to
high levels of peroxynitrite due to SPI2 virulence factors inhibiting the localisation of NADPH-
oxidase and iNOS to the SCV (Chakavortty et al. 2002 and Vazquez-Torres et al. 2000).

Peroxynitrite can perform oxidative damage of both a nucleotide base and sugar backbone.
Guanine has the lowest reductive potential of the four nucleotide bases and consequently is
targeted by peroxynitrite. Peroxynitrite induced damage can result in transversion of the
guanine base to thymine or cytosine within E. coli giving significant mutagenic effects
(Henderson et al. 2002). Peroxynitrite can also damage the sugar backbone of DNA by
extracting a hydrogen ion from a deoxyribose sugar and addition of an oxygen molecule
results in the breaking of the DNA strand (Szabo and Hiroshi 1997).

Peroxynitrite preferentially targets sulphur amino acids; cysteine and methionine, but can
also affect tryptophan (Alvarez et al. 1998). Peroxynitrite can damage thiol amines by
removing a H" ion from the thiol group leading to the addition of a hydroxyl group forming
sulfenic acid. In the presence of another sulfenic acid amide a disulphide bond is formed
between them modifying protein structure. Peroxynitrite can also attack cysteine to form a
thiyl radical (RS’) which can then react with oxygen forming a reactive oxygen species or can
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bind a nitrosium ion and form a nitrosothiol group (Balazy et al. 1998). Peroxynitrite can
directly attack other amides such as histidine and tyrosine; or products from the breakdown
of peroxynitrite including; OH:, NO, and CO3 which can initiate damage to multiple
macromolecules also (Bonini et al. 1999). Both oxy and nitro derivatives of: histidine,
phenylalanine, tyrosine, tryptophan amines have been identified as secondary peroxynitrite
radicals (Alvarez et al. 1998). As previously stated peroxynitrite can initiate lipid peroxidation
by the removal of a H" ion from mono or poly unsaturated lipid or lipoprotein (Richter 1987).

1.6.6 Overview of reactive species within Salmonella

Salmonella is exposed to a variety of reactive species during intracellular survival. Reactive
oxygen species and reactive nitrogen species form a network of reactive species capable of
damaging different targets within Salmonella as shown in figure 1.6
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Figure 1.6 Overview of reactive species reactions within Salmonella

The addition of hydrogen peroxide (H,O,) or the synthesis of superoxide (O,) and nitric oxide (NO')
can result in a variety of reactive species. Superoxide can oxidise proteins of an amide group (RO") or
thiol group (RSQO") or initiate lipid peroxidation (LOO’). Hydrogen peroxide can be converted into
hydroxyl radicals (OH’) through Fenton chemistry driven by copper or redox active metals. Copper
itself is buffered by glutathione (GSH) reducing its ability to catalyse Fenton chemistry. Glutathione
can also breakdown hydrogen peroxide in the presence of glutathione peroxidase. Hydroxyl radicals
and peroxynitrite (ONOQ") are the most potent oxidising reactive species capable of causing
significant damage to Salmonella. Hydroxyl radicals and peroxynitrite affect similar ligands to
superoxide but cause significantly greater damage. Peroxynitrite if combines with carbon dioxide
breakdowns to form nitrite radicals (NO,) that can initiate lipid peroxidation. Nitric oxide (NO’)
preferentially targets thiol groups giving nitrosylated amides (RSNO). Nitric oxide can be oxidised to a
nitrosonium ion (NO™) in the presence of copper which can bind to amine groups causing nitrosation
of an amide (RNO) or nitrosylate an amide. Nitric oxide can bind DNA and lipids but only causes
minimal damage. Nitric oxide can combine with superoxide to form peroxynitrite. Nitric oxide is
detoxified to less reactive forms of nitrogen based molecules by Hmp to nitrate (NO3), by NorV to
nitrous oxide (N,O) or alternatively converts nitrite (NO,) to ammonia (NH3) and NrfA coverts nitric
oxide to ammonium (NH,") depending on availability of oxygen. Nitrate reductase reduces nitrate to
nitrite and nitrite reductase can reduce nitrite to ammonia. Nitric oxide can form dinitrogen trioxide
(N,O3) that readily forms nitrosoium ions enabling nitrosation and nitrosylation. Dinitrogen trioxide has

also been observed to damage DNA.
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1.7 Salmonella cytoplasmic requlatory features

1.7.1 Maintaining a reduced cytoplasm

Bacteria maintain a reduced cytosol to control protein folding. In a reduced environment few
disulphide bonds can form, whereas in an oxidised environment disulphide bonds are
prevalent. The unintentional formation of disulphide bonds can prevent correct folding and
function of a protein. Within Salmonella two pathways involving the small proteins
glutathione and thioredoxin (TR-SH,) maintain a reduced cytoplasmic redox potential. Both
glutathione and thioredoxin (TR-S,) oxidised states can be re-cycled to the reduced form by
utilising the reduction potential of NADPH by the actions of glutathione reductase and

thioredoxin reductase, respectively, as shown in the equation below (Bessette et al. 1999).
GSSG + NADPH + H" — 2GSH + 2NADP"*
TR-S, + NADPH + H" — TR-SH, + 2NADP"*

The ratio of glutathione to oxidisied glutathione and thioredoxin to oxidised thioreodoxin is an
important. It is suggested that the oxidised forms of glutathione and thioredoxin do not
exceed 5% of the total reducing agent. The ability of reduced glutathione and thioredoxin to
respond rapidly to an environmental stress is important in maintaining multiple homeostasis

pathways for Salmonella.

1.7.2 Glutathione

Glutathione has been identified to provide a role in metal homeostasis, reactive species
stress, pH regulation and osmotic stress (Chesney et al. 1996, Song et al. 2013). E. coli is
estimated to maintain an approximately 5 mM concentration of glutathione within the
cytoplasm and a reported lesser concentration in the periplasm (Helbig et al. 2008).
Glutathione is produced in a two step process; initially glutamate and cysteine are converted
into L-y-glutamylcystenine by glutamate-cysteine ligase. L-y-glutamylcystenine and glycine

are converted into glutathione by glutamine synthase (GshB). Two molecules of glutathione

can be oxidised or bind an oxidising agent such as Cu” and form a molecule of oxidised

disulphide glutathione, GSSG, reducing the oxidising agent in the process. Oxidised

disulphide glutathione (GSSG) can be reduced back to glutathione by the actions of
glutathione reductase (Gor) that utilises electrons from the NADP*/NADPH reductant pool.
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A mutant for glutathione production within E. coli exhibited a slight reduction in tolerance to
Zn and Cu (Helbig et al. 2008). The combination of a glutathione mutant (AgshB) with a
mutation for zntA (Zn cytosolic exporter) or copA (copper cytosolic exporter) gave
significantly reduced tolerance to zinc and copper respectively (Helbig et al. 2008). The

additive nature of a glutathione mutation to the primary exporter for copper (copA) or zinc

(zntA) in E. coli supports the premise that when the cytosol is overloaded with metal ions

glutathione can bind metal ions to prevent harmful effects free metals can have on a cell, as

previous discussed (section 1.11.3). Therefore the role of glutathione in metal detoxification

may inhibit harmful effects that would transpire when a metal detoxification system is

compromised or whilst metal responsive operons' are expressed and functional. Although if

a large proportion of cellular glutathione is required to bind metal within the cytosol it will

compromise the reducing potential of the cell. Consequently the cell could be more

susceptible to other antimicrobials that glutathione contributes to the detoxification of

including reactive oxygen and nitrogen species. It is unclear if glutathione provides a role in

aiding export of metals and is a consideration for future research.

Glutathione also provides a role in the detoxification of reactive oxygen and reactive nitrogen

species. Glutathione has been identified to contribute to the detoxification of hydrogen

peroxide and peroxynitrite through the actions of glutathione peroxidase (Chesney et al.

1996, Arenas et al. 2010). A glutathione mutant has been reported to exhibit increased

susceptibility to reactive oxygen species in E. coli (Goswami et al. 2006). Glutathione

provides a role in the detoxification of reactive nitrogen species. A Salmonella glutathione

mutant has increased sensitivity to reactive nitrogen species than a wild-type strain; and a

glutathione mutation is additive to a hmp mutant (Song et al. 2013).

1.8 Copper

Copper is a transition metal that typically has an oxidation state of Cu* or Cu*". Copper is an
essential micronutrient for all kingdoms of life (Harris 2001). The ability to switch oxidation
states between Cu* and Cu?, to provide or accept an electron, has led to its incorporation
within catalytic sites for several enzymes most of which are extra-cytoplasmic. Examples of

copper containing proteins are listed in table 1.2.
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Table 1.2 Examples of cuproproteins

Species

Cuproprotein

Function

Mammalian, prokaryotic and
plants

Cytochrome c oxidase

Reduces oxygen into water as
the final electron acceptor of
the electron transport chain

during respiration

Mammalian, prokaryotic and
plants

Cu, Zn superoxide

dismutase

Catalyses the conversion of
superoxide into hydrogen
peroxide

Mammalian

Dopamine B-hydroxlase

Converts dopamine into
norepinehrine, a

neurotransmitter

Plants

Plastocyanin

Transfers electrons between
photosystem | and Il during
photosynthesis

Mammalian

Lysyl oxidase

Oxidises lysine amines to the
aldehyde allysine that impacts
the formation of extracellular

matrix

Animal

Haemocyanin

Carries oxygen as an

alternative to haemoglobin

Mammalian and prokaryotic

Laccase

Detoxifies reactive oxygen

species and Cu* into Cu®*

(Wenk and Suzuki 1983, Merchant and Bogorad 1986, Rucker et al. 1998, Bauerfeind et al. 1997)

1.8.1 Importance of copper homeostasis

As previously stated copper provides several essential actions within numerous organisms

but regulation of intracellular copper levels are essential. Copper is highly reactive capable

of binding to numerous ligands within a cell, disrupting their function and having harmful
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effects upon the cell. Copper is ranked highest within the Irving-Williams series that

guantifies divalent metal complex stabilities as shown below.
Mn% < Fe®* < Co?* < Cu* < Cu* > Zn**
(Irving and Willams 1948, Foster and Robinson 2011)

Thus, copper forms complexes with greater stability than other divalent metal cations.
Consequently, if unregulated, copper is capable of disrupting the binding of other metal
complexes, particularly iron-sulphur clusters, and can cause damage due to catalysis of
Fenton chemistry in the presence of H,O (Fenton 1894, Macomber and Imlay 2009).

1.9 Mammalian copper homeostasis

1.9.1 Copper uptake and distribution

Copper is absorbed within the gut from dietary intake, gut epithelial cells uptake copper
through the copper transporter Ctrl which requires the reduction of Cu®* into Cu® for uptake.
A reductase adjacent to Ctrl reduces copper to Cu® enabling uptake. Analysis of copper
uptake in S. cerevisiae revealed the requirement for a copper reductase present on the
surface of its membrane to reduce copper and enable uptake through Ctrl (Rees and Thiele
2007). Depending on cellular copper concentration, the location of Ctrl changes between
membrane associated and vesicle bound. At low copper concentrations Ctrl is membrane
associated to facilitate copper uptake, whereas at high copper concentrations Ctrl is vesicle
bound and degraded (Petris et al. 2003). A ctrl knockout mouse has reduced intracellular
copper levels and severe growth defects but copper is uptaken, indicating Ctrl is not the
only transporter capable of uptake, but is required for normal growth (Nose et al. 2006).
Intracellular copper is bound upon entry by the copper chaperone Atox1, which shuttles
copper to the copper transporting Pis-type ATPase ATP-7a at the Golgi apparatus for
incorporation into cuproproteins (Kim et al. 2012). Other copper chaperones include copper
chaperone for superoxide dismutase (CCS) and copper chaperone for cytochrome c oxidase
(Cox17) which supplies copper to the mitochondria (Casareno et al. 1998, Palumaa et al.
2004). A knockout mutant for atox1 is unable to survive, death occurs before birth

highlighting the importance of Atox1 (Hamza et al. 2003).

Copper absorbed by the gut is transported to the liver and converted into bile or is released
through the copper transporter ATP-7b into the blood supply in a complexed form with;

ceruplasmin, albumin or transcuprein (Lui et al. 2007). Copper is then transported to other
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organs including the: brain, heart and kidneys. The storage of copper within mammalian
cells remains unknown. Studies within S. cerevisiae identified that copper is stored within a
vacuole organelle and a Ctrl homologue, Ctr2, is involved in the mobilisation of copper
stores within the vacuole and is a possible mechanism in mammalian cells (Rees et al.
2002).

The inability to uptake and re-distribute copper results in physiological disorders. Mutations
of atp-7a that render the transporter unable to transport copper result in the clinical condition
Menkes disease, that is characterised by copper accumulation within the gut epithelia due to
inefficient export into the blood (Vulpe et al. 1993). Symptoms of Menkes disease include
mental welfare implications, low body temperature, brittle kinky hair and osteoporosis
(Menkes et al. 1962). Foetuses with Menkes disease are also highly at risk of premature
birth. An atp-7b mutant unable to export copper experiences copper over-accumulation
within the liver, kidneys and brain and is termed Wilson’s disease (Bull et al. 1993). Wilson’s
disease effects include enlargement of the liver potentially progressing to acute liver failure
and neuropsychiatric problems such as migraines, seizures and lack of coordination (Wilson
et al. 1912). The significant health implications caused by Menkes and Wilsons disease
highlights the importance of copper homeostasis in humans.

1.9.2 The role of copper in innate immune system

Copper provides antimicrobial actions including: catalysing Fenton chemistry, inhibiting iron-
sulphur clusters and mis-metallation of metalloproteins. Initially it was believed that copper
toxicity was primarily through Fenton chemistry, copper has also been identified to directly
cause detrimental effects when unregulated within bacteria. Copper forms stable complexes
and can consequently displace other metals that are lower in the Irving-Williams series
(section 1.8.1). Copper has been identified to target iron sulphur clusters present on the
external surface of proteins (Macomber et al. 2007). Copper is unable to target iron sulphur
clusters concealed within a protein only those solvent accessible. An E. coli strain containing
mutations of copA, cusCFBA and cueO is highly susceptible to copper and had inactivity of
dehydratase enzymes in the presence of copper (Macomber et al. 2007). Dehydratase
enzymes are involved in branch chain amino acid synthesis (leucine, isoleucine and valine).
If unregulated copper can also bind to metal binding sites for non-cuprous metalloproteins

inhibiting their function.

Copper provides a role within an immune response against intracellular pathogens, at sites
of inflammation raised copper levels are detected (Beveridge et al. 1985). Mutation of copper
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detoxification systems for various pathogens including: S. Typhimurium, Candida albicans,
M. tuberculosis, P. aeruginosa and E. coli, results in reduced intracellular survival within
macrophages identifying a copper mediated antimicrobial response by the innate immune
system (Osman et al. 2010, Jones and Suttle 1981, Wolschendorf et al. 2011, Schwan et al.
2005, White et al. 2009).

Macrophages uptake copper from the external environment through Ctrl with the aid of a
group of cupric and ferric reductases called Steap proteins that reduce Cu?®* into Cu*
(Ohgami et al. 2006). Expression of Ctrl increases upon bacterial infection of macrophages
and expression is further exaggerated by the activation of macrophages prior to infection
with LPS or IFN-y (White et al. 2009, Achard et al. 2013). Once copper is uptaken it is bound
by Atox1 that transports copper to ATP-7a that can localise to phagosome associated
vesicles and potentially transport Cu” into the phagosome (White et al. 2009). ATP-7a
expression has also been reported to increase upon bacterial infection of macrophages,
supporting the premise that copper provides an antimicrobial action against the internalised
pathogen (White et al. 2009, Achard et al. 2013). RNA interference of atp-7a expression
gave increased survival of E. coli internalised within macrophages, supporting the theory that
ATP-7a directly pumps copper into the phagosome (White et al. 2009). The mechanism by

which macrophages transport copper into the phagosome remains unclear.

1.10 Bacterial copper homeostasis

1.10.1 Copper uptake

Few bacteria have been identified to encode copper uptake transporters. Enterococcus hirae
encodes a copper transporter, CopA, which is suggested to uptake copper under low copper
levels (Odermatt et al. 1993). CopA has also been shown to interact with CopZ; a known
metallochaperone that supplies copper to transcription regulator CopY, supporting the
hypothesis that copper is being uptaken by CopA (Multhaup et al. 2001). Listeria
monocytogenes contains a Pig-type ATPase CtpA which has been suggested to import
copper; ctpA mutants have lower internalised levels of copper (Francis and Thomas 1997).
Also, Pseudomonas aeruginosa contains a CtpA homologue HmtA, a Py-type ATPase that
transports copper and zinc (Lewinson et al. 2009). Cyanobacteria contain two Pg-type
ATPases, CtaA that associates with the outer membrane and is suggested to import copper
and PacsS that associates with the thylakoid membrane and imports copper into the
thylakoids (Robinson and Winge 2010). However, Raimunda et al. (2011) reported

contrasting results and suggest that a P1g-type ATPase would be unable to import copper
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and hence suggest: CtaA and CopA actually exclude copper at varying rates within their

respective organisms.

Although the mechanism of copper uptake in S. Typhimurium and E. coli is unknown, outer
membrane factors have been identified to influence copper uptake within E. coli. ComC has
been identified to influence the permeability of copper to the outer membrane. In an E. coli
comC mutant, increased levels of copper were detected in the periplasm and increased
expression of the cusCFBA operon associated with copper efflux (Mermod et al. 2012).
Salmonella encodes a homologue to ComC, hence the expression of comC could influence
copper uptake by Salmonella. It is currently suggested that copper enters the cytosol of
Gram negative bacteria through diffusion. It is thought Cu® has increased ability to diffuse
through the cytoplasmic membrane than Cu®* due to its reduced polarity (Changela et al.
2003). To conclude copper uptake within prokaryotic organisms remains highly unknown and
further research is required to determine the mechanism of copper uptake.

1.10.2 P,5-type ATPases

The most common employed copper exporting mechanism involves Pp-type ATPases,
which are aptly named due to a conserved DKTGT sequence of which the aspartate residue
becomes phosphorylated whilst functioning (Pedersen and Carafoli 1987). Ps-type ATPase
contain eight transmembrane helical loops forming the channel region of the protein with an
ATP hydrolysing region present between helices 6 and 7 (Solioz and Vulpe 1996). One
molecule of ATP is hydrolysed during the transport of one atom of metal. P,g-type ATPases
exhibit specificity to different metal ions and factors that contribute to this include metal
binding sites within a cytoplasmic N-terminal region and a combination of transmembrane
segments (Arguello et al. 2003). Several Pig-type ATPases transport specificity identified
based on these characteristics such as; b0013, b0022 and b0072 (Banci et al. 2002, Borrelly
et al. 2004, Hou et al. 2001). Numerous copper Pis-type ATPases contain a cysteine amine
amine cysteine sequence (CXXC) within a cytoplasmic N-terminal region that binds copper.
Indeed, the CXXC sequence is the site which a Pg-type ATPase acquires copper from a
copper chaperone by ligand exchange and can consequently be exported (Huffman and
O’Halloran 2000).

Copper detoxification also involves the family of CBA proteins in Gram negative bacteria that

contain three components; an inner membrane transporter (A), a membrane fusion protein

(B) and an outer membrane exporter (C). CBA proteins are involved in the exportation of

various substrates from the cytosol and periplasm to the external environment (Paulsen et
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al. 2006). CBA proteins include resistance nodulation division family (RND) efflux systems
such as the cusCFBA system present within E. coli that exports copper (section 1.14). CBA
proteins utilise the proton motive force rather than ATP hydrolysis in facilitating copper ion

movement (Nies 1995).

1.10.3 RND efflux systems

The Cus system is an example of an RND efflux system. RND systems export antibiotics
and other harmful compounds from Gram negative bacteria. RND exporters have been
categorised into seven families based on their exported agents that include macro and micro
molecules such as; metals, antibiotics and liposaccharides (Tseng et al. 1999). Well
established RND metal exporters include CusC and CnrC that export Cu* / Ag*and Co*" /
Ni**/ Cd** respectively (Franke et al. 2003, Schmidt and Schlegel 1994). RND efflux pumps
are a type of CBA system consisting of an inner membrane translocase, a periplasmic
membrane fusion protein and an outer membrane factor, as shown figure 1.7 (Thanabalu et

al. 1998). TolC provides the outer membrane factor for a variety of RND efflux systems.

1.10.4 TolC

1.10.4.1 TolC structure and function

TolC is a trimer that contains two regions; a uniform B-barrel of 40 A in length that spans the
outer membrane and an a-barrel of 100 A that extends into the periplasm, giving a 140 A
total size (Koronakis et al. 2000). The channel of TolC has a diameter of approximately 30 A
facilitating the transport of large agents such as antibiotics and toxins (Koronakis et al.
1997). The channel opening of the B-barrel region is unregulated and remains open, the a-
barrel channel opening in the periplasm is tightly regulated to occlude the transport of micro

and macro nutrients unless stimulated.

Two models have been suggested for the mechanism of export by TolC as part of an RND
efflux system: a funnel and a switch mechanism as shown in figure 1.7. The switch
mechanism is initiated by the binding and extraction of a transportable substrate from the
cytosol by the cytoplasmic translocase. A membrane fusion protein is recruited to the
periplasmic region of the cytoplasmic translocase and sequentially recruits TolC. Binding of

the substrate to the membrane fusion protein facilitates a change in the conformation of
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TolC’s a-barrel channel, opening and transferring the substrate to TolC that actively exports
the substrate across the outer membrane. The funnel mechanism extracts the substrate
from within the periplasm. The membrane fusion protein binds the substrate then binds to a
cytoplasmic translocase which then recruits TolC. TolC undergoes a conformational change
to open its a-barrel channel upon binding the cytoplasmic translocase and membrane fusion
protein complex, and TolC exports the agent across the outer membrane. Both transport
mechanisms are dependent on each component of an RND efflux system undergoing a
conformational change during transport of the substrate (Koronakis et al. 1998).

How specificity for RND efflux systems is dependent upon the efflux system analysed. TolC

itself does not provide specificty for what it exports across the outer membrane of Gram

negative bacteria. If the switch mechanism is believed to take place then the selective step is

believed to occur within the cytosol. Selectivity could be achieved through binding sites on

the innermembrane transporter or alternatively from the binding of a chaperone to the

innermembrane transporter. Conversely, a transporter utilising a funnel mechanism exports

from the periplasm, and selectivity is achieved in the periplasm as well. This can be through

the binding to a periplasmic region of the innermembrane transporter or a periplasmic
chaperone.

Extracellular space

fflux

Cytoplasm

Transeﬁvelope
Efflux

Figure 1.7 Methods of substrate efflux by RND efflux systems

RND efflux pumps are capable of switch (transenvelope) efflux extracting the substrate from the
cytosol or funnel from within the periplasm and exporting the substrate across the outer membrane

into the external environment. Taken from Kim et al. 2011.
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1.10.4.2 The roles of TolC in bacteria

TolC acts as the outer membrane factor for several systems exporting a range of different
compounds including: antibiotics, bile salts and metals (Fralick 1996, Baucheron et al. 2005,
Giraud et al. 2000). The importance of TolC exportation is exhibited through the pleiotropic
effects that happen to tolC mutants of various Gram negative bacterial species. TolC is
capable of exporting antimicrobial compounds from within a bacterium, such as bile salts
and antimicrobial peptides (polymyxin B or human beta defensin-1 peptides) (Warner and
Levy 2010). TolC can also export virulence factors; E. coli and Neisseria meningitidis export
active alpha-haemolysin through TolC (Vakharia et al. 2001, Kamal and Shafer 2010). TolC
can also influence virulence by directly contributing to adhesion and survival; a tolC mutant
has reduced adhesion and survival during infections of cell line or animal models with:
Legionella pneumophila, S. Typhimurium and Francisella tularensis (Ferhat et al. 2009,
Buckley et al. 2006, Gill et al. 2006). TolC also provides a role in maintaining a viable cytosol
by the removal of metabolites. E. coli and Sinorhizobium meliltoi tolC mutants upregulate
stress responses due to an inability to efficiently remove metabolites (Rosner and Martin
1999, Santos et al. 2010). The ability of TolC to influence: antimicrobial tolerance, gene
expression, membrane stability, metabolite export and virulence, by its exportation of

numerous substrates conveys the importance of TolC.

1.10.4.3 The roles of TolC in Salmonella

TolC is an important outer membrane factor for several drug efflux systems exporting
antibiotics and antimicrobials outside of S. Typhimurium as shown within table 1.3. Several

RND efflux systems have functional redundancy to remove antimicrobials. The inhibition of

RND efflux systems is a current tatic utilised by pharmaceutical companies to combat the

increase in antibiotic resistance.

TolC has also been implicated in contributing to Salmonella survival during infections, with a
tolC mutant having reduced expression of 112 genes including SPI1 virulence factors (such
as SipA, SipC and SopE) involved in uptake of Salmonella by a non-phagocytic cell (Buckley
et al. 2006, Webber et al. 2009). A tolC mutant has reduced adhesion and survival in both
macrophage cell line and mouse model infection experiments (Buckley et al. 2006, Nishino
et al. 2006). TolC also has been identified to be involved in tolerance of copper and zinc in
S. Typhimurium (Nishino et al. 2007).
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GesABC and MdtAB have been identified to provide export of gold and copper/zinc from S.

Typhimurium respectively (Nishino et al. 2007, Pontel et al. 2007). Although further research

needs to be conducted to expand the metals tested to identify if either system is capable of

exporting alternate metals. Its is Iso currently unknown how the Ges and Mdt system

interacts with pre-estabished metal detoxification systems and requires further research.

Table 1.3 RND family efflux system that function in association with TolC

Inner membrane translocase and Agent exported

membrane fusion proteins that associate

with TolC

AcrAB Bile salts, SDS, Triton, Multiple drugs

AcrAD Bile salts, Novobiocin, SDS,
Aminoglycosides

AcrEF Multiple drugs

EmrAB Novobiocin, Naladixic acid, SDS

GesAB Gold, Multiple drugs, SDS

MdtAB Novobiocin, Naladixic acid, SDS

MdsAB Novobiocin, Crystal violet, SDS,
Metheylene blue, Acriflavine

MdtAC Novobiocin, Naladixic acid, SDS, cation
metals

MacAB Macrolides

(Horiyama et al. 2010, Sulavik et al. 2001, Conroy et al. 2010)

1.11 Incorporation of metals into metalloproteins

1.11.1 Metallochaperones

Metallochaperones are small metal binding proteins that deliver and exchange metal ions
with an intended cellular target. Metallochaperones prevent the mis-metallation of
metalloproteins by directly transferring a metal to a protein preventing adverse side reactions

of metals en route (Robinson and Winge 2010).
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As previously stated, copper is toxic when unregulated within a cell or bacterium and is
consequently complexed rapidly upon entry. Copper chaperones ensure that copper is
transported to the correct cellular location. Copper chaperones tend to not provide any
resistance to copper, with an atx1 mutant having no difference in copper tolerance within S.
cerevisiae (Rae et al. 1999). Although, deletion of copper chaperones in combination with
other copper homeostatic systems such as glutathione, can result in a drop in copper
tolerance as seen within Synechocystis Aatx1/AgshB (Tottey et al. 2012). However, a B.
subtils copZ mutant exhibits reduced growth in the presence of copper (Radford et al. 2003).
Although copper chaperones do not provide a role in copper tolerance the binding of copper
could potentially prevent harmful effects such as iron-sulphur cluster disruption (Tottey et al.
2012).

Multiple copper chaperones contain a conserved protein sequence of GXXCXXC, in which
the two cysteine amides form a thiol bridge with a copper ion (Rosenzweig 2002). The
binding properties of the CXXC region provide adequate retention of copper whilst capable
of releasing copper once the correct ligand is bound. Copper chaperones have been
identified to supply copper to numerous cellular components including; enzymes,
transporters and transcription regulators. Copper chaperones have been identified in both
the cytosol and periplasm for example Atx1 (CopZ), within the cytosol of several bacteria
and eukaryotes and CusF within E. coli is present within the periplasm (Loftin et al. 2005).

Atx1 homologues have been reported in H. pylori, Synechcystis, S. cerevisiae and in B.
subtilis and are also referred to as CopZ (O’Halloran 2000, Radford et al. 2003, Walker et al.
2002,). Atx1 (CopZ) can directly interact with P,g-type ATPases through their N-terminal
domain; a series on interactions occur between Atx1 and the N-terminal domain that enables
the donation of copper (Rodriguez-Granillo et al. 2010). However, the N-terminal domain is
not required for binding and transportation of copper by CopA in Archaeoglobus fulgidus
(Mandal and Arguello 2003). Hence, N-terminal domain metal binding is not essential for
copper transfer for export by Pig-type ATPases as Atx1 can directly bind to transmembrane
domains and donate copper (Mandal and Arguello 2003). Atx1 in cyanobacteria interacts
and exchanges copper with two different P,g-type ATPases; CtaA and PacS. CtaA is
suggested to import copper into the cytosol which is bound by Atx1, which transports copper
to PacS that imports copper into the thylakoids (Raimunda et al. 2011, Kanamaru et al.1994,
Tottey et al. 2001). CopZ within E. hirae is important for interacting with the copper-
responsive regulator CopY, transferring a Cu* atom to CopY to displace Zn** which can

relieve CopY repression of the cop operon (Cobine et al. 2002).
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1.11.2 Protein folding requlation of metallation

The incorporation of a metal into a metalloprotein can be dependent on the location of
protein folding. MncA and CucA (reviewed Waldon and Robinson 2009) are both periplasmic
metalloproteins, CucA binds copper and MncA binds manganese. However, copper has a
greater binding affinity for both non-metallated proteins than manganese, consistent with the
Irving-Williams metal binding stability series (section 1.8.1). A direct study of the
metalloproteins identified a 10,000 fold molar excess of manganese to copper was required
to ensure MncA bound manganese and not copper. To achieve correct metallating MncA
therefore undergoes protein folding within the cytosol (due to a 10,000 fold concentration
difference between manganese and copper) and is exported via the twin arginine
translocase pathway, for folded proteins. In contrast, CucA is transported via the general
secretory pathway in its unfolded state into the periplasm where it receives copper and folds
into its correct confirmation. The separation of MncA and CucA metallation steps thus
ensures MncA has manganese bound before coming into contact with copper in the
periplasm. Also the manganese site is buried within MncA, once manganese is bound and
folded, whereas in an unfolded-state the manganese site is accessible and can be bound by
copper. The folding of MncA in the cytosol removes spatial access of copper and gives a low
off rate for manganese dissociating from its binding site thus allowing MncA to retain

manganese even when exported to the periplasm.

1.11.3 Antimicrobial effects of metals

Metals can induce toxicity to a cell by numerous mechanisms including: protein dysfunction,
reactive species production, membrane integrity compromised, genotoxicity and nutrient
uptake inhibition. Metal toxicity has been reviewed well by Lemire et al. (2013) figure 1.8.
Metalloproteins can bind numerous metals at their metal binding sites. It is through several
levels of regulation in which an apo-protein is supplied with the correct metal to form a
functional metaloprotein such as compartmentalised folding, chaperone transport of metal to
the apo-metalloprotein or export/sequestering of metals. Divalent cation metal ions follow the
Irving-Willams series of metal complex stability that identifies an order of metal binding
stability (section 1.8.1). Consequently a metal with high binding stability such as copper can
dislodge a metal ion with lower stability such as zinc from metalloproteins resulting in their

dysfunction.

As previous discussed (section 1.6) metals such as iron and copper can catalyse the
production of hydroxyl radicals from hydrogen peroxide. In numerous organisms an
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upregulation of reactive oxygen species detoxification systems have been detected upon
incubation with high metal concentrations such as copper in S. cerevisae or arsenite within
P. aeruginosa (Parvatiyar et al. 2005, Jin et al. 2008). Toxic concentrations of metals can
damage the integrity of membranes. Copper has been identified to provide a role in lipid
peroxidation as previously stated (section 1.6.1, Girotti 1985). Aluminium and Silver have
been identified to directly damage membrane integrity (Li et al. 2010, Yaganza et al. 2004).
As previously stated hydroxyl radicals formed by Fenton chemistry can result in DNA
damage. Hard lewis acids such as Mn?*, Cr** and Co** have been associated with DNA
damage but soft lewis acids such as Cu®*, Ni* and Co®* do not (Nishioka et al. 1975). The
binding of metals by transport system can inhibit uptake of the intended substrate. Cromate
uptake by S. cerevisae inhibits the uptake of sulphur and induces a sulphur starvation
response (Pereira et al. 2008).
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Metals can result in the dysfunction of proteins (a) by competing with other bound metals, in particular

iron sulphur clusters. Furthermore, a competing metal can remove a catalytic metal or a metal

reugired structural stabiliy both of which remove functionality of the protein. Redox metals such as

copper and iron can catalyse fenton chemistry and the generation of harmful hydroxyl radicals (b).

Hydroxyl radicals can damage the cell or can be detoxified by thiol molecules such as glutathione and

thredoxin; althought this reduces the thiol pool leaving the cell suceptible to further stresses which

thiols detoxify. Metals can bind to transporters inhibiting their action which can lead to membrane

damage from a lack of nutrient uptake or over-accumilation of metabolites (c). Additionally metals can

inhibit regulators of metal transporters, due to the similarity of metals cross-reactivity is seen within

metal response regulators (d). Metals can compriise the integrity of a cell's DNA, it can catalyse

Fenton chemistry as previously stated which can result in strand breaks or nucelotide modifications.

Taken from Lemire et al. 2013.
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1.12 Transcriptional requlation of metal homeostasis

1.12.1MerR family requlators

The MerR family of transcription regulators have been identified to respond to diverse
molecules including metal ions, small organic molecules and free radicals (Chen and He
2008). The metal sensing MerR family regulators sense a broad range of cations as shown
below in table 1.4. The regulators bind to promoters with elongated spacers between the -10
and -35 RNA polymerase binding sites. The -10 and -35 sites typically have a 16-18 bp
distances between the sites although the merPTAD operon has a 19 bp spacer, repressing
transcription (Hobman 2007). MerR regulators contain conserved cysteine residues that form
a metal binding domain. The binding of a metal ion induces a MerR regulator dependent
allosteric change to DNA at the MerR operon site, unwinding DNA to enable the 6’° RNA
polymerase to bind the -10 and -35 sites. Without the confirmational change to DNA RNA
polymerase is unable to bind the -10 and -35 sites and initiate transcription (Outten et al.
1999).

Table 1.4 MerR regulators and divalent cations sensed

Metal ion sensed MerR sensor
Copper CueR / GolSs
Cobalt CoaR

Zinc ZntR

Lead PbrR / ZntR
Gold CueR / GolS
Silver CueR / GolS
Cadmium ZntR
Mercury MerR

Nickel NimR

(Brown et al. 2003, Kid et al. 2011)
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The 19 bp spacing between the -10 and -35 RNA binding site is essential to MerR
regulation. A decreased spacing (<19 bp) results in the constitutive expression due to RNA
polyermase being capable of binding to the -10 and -35 binding sites without MerR-mediated
DNA unwinding. Whereas, increased spacing between the -10 and -35 binding sites inhibits
expression of the MerR regulated operon as the distance between RNA binding sites is too
great for RNA polymerase even after DNA unwinding by MerR regulator activation (Parkhill
and Brown 1990).

MerR regulators CueR, MerR and ZntR are capable of a rapid response to the presence of
their respective detected metals, activating transcription to aid detoxification before toxic
concentrations are reached (Brown et al. 2003). MerR regulators are capable of binding and
responding to several different metal ions such as CueR binding Cu®, Ag”and Au®, although
the binding of other unintentional metals does not result in the activation of the mer regulated
operon. The metal binding domains of MerR regulators are located within a carboxyl
terminus metal binding loop (Osman and Cavet 2010). The metal binding domain can bind
multiple metals but has the tightest affinity for the intended metal, otherwise metals will bind
to the region following the Irving-Willams metal binding stability series (section 1.8.1).
Hence, the binding of a metal by a MerR regulator alone does not activate DNA, MerR
regulator activity is based on: amides present metal binding domain determining specificity,
allosteric change of regulator and availability of metals (Osman and Cavet 2010). S.
Typhimurium CueR has been identified to bind Cu*, Ag*and Au® but only induces the
expression of CopA and CueO in response to copper and gold (Stoyanov and Brown 2003).
Furthermore, GolS has been identified to bind Cu*, Ag*" and Au”, and both gold and copper
induces expression of the gol system (Checa et al. 2007, Osman et al. 2010). The binding of
Au* by CueR and GolS induces a greater repsonse in both cop and gol systems than Cu”*
(Checa et al. 2007, Osman et al. 2010).

1.12.2 Two component copper homeostasis regulation

A typical two component signal transduction systems consist of a sensor kinase and
response regulator that work in tandem to regulate gene expression (reviewed Stock et al.
2000). The sensor kinase (within Gram negative bacteria) is present within the cytoplasmic
membrane and detects the levels of a substrate within the periplasm through two looped
domains. Once levels of the substrate reach above or below a threshold value the sensor
kinase can bind ATP and transfers a phosphate group from ATP to a conserved histidine

residue within its cytoplasmic domain (Krell et al. 2010). Phosphorylation of the cytoplasmic
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domain of the sensor kinase recruits the response regulator and transfers a phosphate
molecule from the histidine residues of the sensor kinase to a conserved aspartate residue
on two response regulator monomers. Two response regulators undergo a conformational
change upon phosphorylation, dimerise and upregulate gene expression (Stock et al. 2000).
A sensor kinase can also remove a phosphate group from a phosphorylated response
regulator through its phosphatase activity altering gene expression upon an environmental
stimulus. For example, in a high Mg?* concentration PhoQ phosphatase activity is induced
and removes a phosphate group from PhoP (Castelli et al. 2000). A two component signal
transduction system in E. coli regulates the expression of the plasmid encoded copper
detoxification system Pco. Also, Corynebacterium glutamicum and Pseudomonas syringae
both regulate their copper homeostasis systems through a two component system CopRS
(Schelder et al. 2011, Hernandez-Montes et al. 2012). Similarly, the cus system within E. coli
is upregulated by CusRS which is thought to detect periplasmic copper levels (section 1.14,
Munson et al. 2000). However, examples of modified two component systems are present
that include a third regulator that can be activated by the sensor kinase and regulate gene
expression of alternate genes to the response regulator. Examples of three regulatory
systems are RocS1/RocR/RocAl in P. aeruginosa and BvgS/BvgR/BvgA in Bordetella
pertussis (Kulasekara et al. 2005, Merkel and Stibitz 1995).

1.12.3 CopY copper homeostasis requlation

CopY regulates copper homeostasis within E. hirae. CopY regulation is reliant upon a
conserved TACAXXTGTA binding sequence within an operon, which CopY binds to
(Portmann et al. 2004). CopY in low copper conditions forms a dimer containing a Zn** ion
within each monomer that binds to DNA and inhibits transcription of the copZYAB operon. In
the presence of copper, two Cu” ions displace each zinc ion within each CopY monomer
causing a conformational change within CopY and inhibiting its ability to bind to DNA,
relieving repression (Cobine et al. 1999). The acquisition of copper by CopY is dependent on
the copper metallochaperone CopZ supplying the copper to CopY. CopY contains a binding
sequence of CXCXXXXCXC which provides the ability to bind either one Zn**ion or two Cu®
ions (Combine et al. 1999). Loss of CopY repression triggers expression of the copYZAB
operon which in addition to CopZ and CopY encodes CopA, which is suggested to import
copper from the external environment and CopB that exports excess copper out of the

cytosol (Solioz and Stoyanov 2003).
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1.13 Mutlicopper oxidases

Multicopper oxidases are enzymes that catalyse a variety of reactions through their redox
capabilities due to the presence of copper ions within the enzyme. Multicopper oxidase
enzymes have been identified to provide a role in modifying the oxidation states of; copper,
billirubin and lactate (Sakurai and Kataoka 2007). Mutlicopper oxidases contain four copper
ions; three ions form a trinuclear centre that donate electrons whilst the fourth copper ion is
involved in mediating transport of electrons to the substrate (Roberts et al. 2002).
Multicopper oxidase enzymes catalyse the four electron reduction of oxygen into water and
couple this reaction to four electron oxidation reactions (Solomon et al. 1996). During
catalysis a multicopper oxidase produces oxygen radicals although they are not released
from the enzyme, conserved amide residues of aspartic and glutamic acid donate a proton to
the radicals which initiates their decay (Bertrand et al. 2002).

The multicopper oxidases (CueO) present in E. coli and S. enterica are part of their cue
copper homeostasis systems and are located in the periplasm. CueO is transported by the
twin arginine pathway and consequently believed to be folded in the cytosol prior to
transport. CueO provides a role in copper tolerance for E. coli and S. Typhimurium. It is
hypothesised that CueO oxidises Cu* to Cu®*in the periplasm which is suggeted to reduce
the diffusion of copper into the cytosol (Changela et al. 2000). The detoxification of Cu® to
Cu?* would also prevent copper-mediated Fenton chemistry in the presence of hydrogen
peroxide. CueO within E. coli has also been identified to provide an indirect role in copper
homeostasis by oxidising the iron siderophore enterobactin which indirectly inhibits its ability
to reduce Cu?* (Grass et al. 2004). Within E. coli a cueO mutant has been suggested to
contribute to copper homeostasis under anaerobic conditions if the cus system is non-
functional (Grass and Rensing 2001). Although Tree et al. (2005) reported a cueO mutant
exhibited copper sensitivity in defined media. In the absence of CueO, accumulation of
copper occurs within the cytoplasm indicating CueO may indeed have a role in exportation of

copper (Tree et al. 2005).

The importance of CueO differs between E. coli and S. enterica. CueO provides a role in
copper tolerance under both aerobic and anaerobic conditions for S. Typhimurium, with a
cueO mutant having reduced growth in the presence of copper to that of wildtype S.
Typhimurium (Achard et al. 2010). A cueO mutant has significantly greater sensitivity to
copper under anaerobic conditions than aerobic, although it is currently not known why
(Achard et al. 2010). Multicopper oxidases provide a role in virulence for several pathogens

including; S. aureus, C. jejuni and S. Typhimurium (Sitthisak et al. 2005, Achard et al. 2010).
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1.14 E. coli copper detoxification

E. coli has two defined copper homeostasis systems; cue and cus. The cue system is the
primary copper responsive system that regulates the levels of copper within E. coli. The cus
system is only induced when toxic levels of copper are present within E. coli under aerobic
conditions, whereas under anaerobic conditions the cus system is induced under non-toxic

intracelluar copper concentrations (Outten et al. 2001).

The cue system consists of CopA, CueR and CueO. CopA is a copper exporting P1g-type
ATPase present within the cytoplasmic membrane that exports copper from the cytosol to
the periplasm. An E. coli copA mutant has reduced copper tolerance (Rensing et al. 2000).
CueR is a copper sensing MerR-family transcription factor that detects copper at a
zeptamolar concentration (10*) and upregulates expression of copA and cueO (Changela
et al. 2003). The sensitivity of CueR copper detection indicates less than one free copper ion
is present within an E. coli bacterium. CueO is a multicopper oxidase present in the

periplasm that converts Cu* into Cu?** (Outten et al. 2001, Grass and Rensing 2001).

The cus system belongs to the RND family of exporters and is capable of exporting copper
from the cytosol and the periplasm to the external environment. The cus system consists of
two operons: cusCFBA and cusRS. CusRS is a two component sensor regulator that detects
copper within the periplasm and upregulates cusCFBA expression (Munson et al. 2000).
CusA is a copper ATPase exporter within the cytoplasmic membrane that is suggested to
export copper into the periplasm. CusF is a copper chaperone that binds copper within the
periplasm and transports copper to CusB, during funnel extraction of copper from the
periplasm (section 1.10.4.1, Kim et al. 2011). CusB is a membrane fusion protein that links
together CusA and CusC. CusC is an outer membrane factor that facilitates the transfer of
copper to the external environment. The Cus system provides copper detoxification
particularly under anaerobic conditions highlighting its specificity for exporting Cu® and not
Cu?*, which is present under aerobic conditions (Outten et al. 2001, Beswick et al. 1976).
Salmonella does not possess a cus system as E. coli and is reliant on alternate copper

detoxification methods that are discussed later (section 1.12).

A plasmid encoded copper detoxification systems have also been identified in E. coli, Pco
(Djoko et al. 2008). Pco consists of five genes pcoACEBD. PcoA is a multicopper oxidase
which can functionally replace a cueO mutant or expression of pcoA increases copper
tolerance although, sequence comparison reveals less similarity than expected (Lee et al.
2002). PcoC and PcoE have been identified as copper but do not influence copper tolerance

when over expressed in comparison to wildtype E. coli (Lee et al. 2002, Djoko et al. 2008).
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The function of PcoB and PcoD remain unknowns, but the mutation of pcoB reduces copper
tolerance, indicating it is required to achieve maximum copper tolerance from the Pco
system (Djoko et al. 2008). A PcoRS like two component system that has been identified
within E. coli, it is hypothesised to upregulate the cus system in response to increased levels
of copper within the periplasm (Outten et al. 2001). PcoRS is capable of activating the
expression of CusRS regulated genes in a cusRS mutant (Outten et al. 2001). S.
Typhimurium does not encode a pco system although can possess the homologous
SilABCRS system. The sil system has been suggested to be involved in the export of silver,
with a strain lacking silABCRS having significantly reduced silver tolerance (Grupta et al.
2001).

Alternatively, E. coli has been identified to reduce free copper within the surrounding
environment by releasing the iron chelator yersiniabactin, which can also bind copper. E. coli
does not uptake the yersiniabactin-copper complex reducing the concentration of free
copper in the surrounding environment capable of diffusing within E. coli (Chaturvedi et al.
2012).

Numerous copper detoxification pathways have been identified in several pathogenic
organisms including: E. hirae, E. coli, S. Typhimurium, L. monocytogenes, M. tuberculosis,
S. cerevisiae and C. neoformans to name a few. Copper detoxification system mechanisms
of detecting copper and removing free copper varies between organisms. The presence of a
copper detecting transcription regulator that responds to low levels of copper, a Pig-type
ATPase that exports copper to either a separate compartment away from the cytosol or
external to the bacterium and metallothionein expression to bind copper are all utilised by

bacteria.

1.15 The importance of copper homeostasis to Salmonella and its virulence

1.15.1 Copper homeostasis in Salmonella

The Salmonella cue system contains: CopA a Pz-ATPase, CueO a mutlicopper oxidase,
CueP a copper binding periplasmic protein and CueR copper binding transcriptional
regulator (Espariz et al. 2007 Osman et al. 2010). The cue system is upregulated by copper
stress in both aerobic and anaerobic conditions (Osman et al. 2010). Although the cue
system is conserved within Salmonella and E. coli, E. coli does not possess the periplasmic
copper binding protein CueP and Salmonella does not encode a cus system capable of

exporting copper outside of its outer membrane. The cue system is not the only copper
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homeostasis system with S. Typhimurium, the gol system also contributes to copper
homeostasis. The gol system was originally reported to be primarily involved in gold
resistance within Salmonella but further research has identified its role in copper
homeostasis as well (Checa et al. 2007). The gol system consists of goISTB: GolT, a Pz-
ATPase, GolB a cytoplasmic protein with sequence similarity to Atx1/CopZ copper
chaperones, and GolS, a second CueR-like transcriptional regulator (Checa et al. 2007,
Osman et al. 2010). Checa et al. (2007) and Osman et al. (2010) reported that GolS
provides transcriptional regulation of the gol operon in response to an increase in gold and
copper levels in the cytosol.

Indeed, a number of redundancies between the cue and gol systems have been identified
supporting the role of the gol operon in copper detoxification. Both CueR and GolS can cross
regulate the gol and cue operons respectively, only in a cueR/golS double mutant is
Salmonella unable to upregulate the cue and gol operons and is hypersensitive to copper
toxicity (Osman et al. 2010). CueR within E. coli was identified to have a zeptamolar affinity
for copper (10%), which is suggested that less than one free atom of cytosolic copper is
present in E. coli; and is consequently believed CueR within Salmonella has a similar affinity
(Changela et al. 2003). Osman et al. (2013) showed that both CueR and GolS have a similar
affinity for copper in vivo, implying that GolS also is capable of detecting copper at a
zeptamolar concentration. However Ibanez et al. (2013) identified that although GolS
upregulates expression of the gol operon in response to copper, GolS has a higher induction
in response to Au than Cu. Both CueR and GolS metal binding loops are capable of binding
Cu" and the larger ion Au”, the introduction of proline at 113 and 118 residue positions
increased and reduced Cu" binding respectively within CueR but does not alter Au™ binding
(Ibanez et al. 2013). Thus identifying residues at positions 113 and 118 within a MerR

regulator are important for copper sensing but not gold.

CopA and GolT export copper from the cytosol into the periplasm, removing their ability to
catalyse Fenton chemistry or initiate damage within the cytosol. The transport of copper from
the cytosol to the periplasm is believed to be important in the removal of copper from
Salmonella, but it is currently unknown how copper is removed from the periplasm. The
export of copper from the cytosol to the periplasm is also suggested to provide a copper
supply to periplasmic copper proteins such as CueO and CueP. CopA and GolT are required
to metallate the copper chaperone CueP, A copA/golT double mutant could not metallate
CueP, and consequently CueP could not supply SodC,, with copper (Osman et al. 2013). A
single mutant for golT does not influence copper tolerance, whereas a copA mutant has

reduced copper tolerance than wildtype but not a significant difference. Single mutants for
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copA and golT also do not exhibit any difference in copper accumulation to wildtype. Also, a
COpA or golT single mutant do not exhibit sensitivity to growth within cell cultured
macrophages (Osman et al. 2010). Both Pg-type ATPases are capable of functionally
replacing the other in a single mutant and only when both exporters are knocked out
Salmonella has significantly reduced survival in the presence of copper. A copA/golT double
mutant has significantly reduced copper tolerance, over-accumulates copper at sub-lethal
copper concentrations (Osman et al. 2010).

CueO catalyses the oxidation of Cu* to Cu?* in the periplasm of both Salmonella and E. coli
(section 1.13). It is suggested that Cu?*" has reduced ability to diffuse into the cytosol than
Cu” due to possessing an increased charge than Cu® (Grass and Rensing 2001). A
Salmonella cueO mutant has reduced copper tolerance under both aerobic and anaerobic
conditions; with substantially reduced survival under anaerobic conditions (Achard et al.
2010). E. coli contain the cus copper efflux system that has been identified to be active
under anaerobic conditions which Salmonella does not possess, which could explain the

increased importance of CueO under anaerobic conditions within Salmonella.

Copper profiling experiments identified the presence of a copper complex in the periplasm of
Salmonella and this protein was identified as CueP (Pontel et al. 2009, Osman et al. 2010).
A cueP mutant does not contribute to copper tolerance under aerobic conditions but has
been suggested to provide a role in copper tolerance under anaerobic conditions (Pontel et
al. 2009). The mechanism of CueP copper resistance is not fully understood but its
regulation is under control of CueR. CueP has recently been identified to perform a
chaperone function supplying copper to Cu,Zn SodC;, SodC,; within a cueP mutant cannot
acquire copper and consequently is unable to detoxify superoxide (Osman et al. 2013). An

overview of S. typhiumirum copper homeostasis is shown in figure 1.8
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Figure 1.9 Overview of copper homeostasis within E. coli and S. Typhimurium
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Copper is thought to enter both E. coli and Salmonella through porins present in the outer membrane by diffusion, and Cu” is suggested to diffuses into the

cytosol. Cu” is detected within E. coli (A) by CueR that induces expression of the cue operon, CusS within the periplasm activates CusR which then induces

expression of the cus system. CopA exports Cu’ from the cytosol into the periplasm, where CueO converts Cu” into Cu

#_cu'is also supplied to SodC, and

SodC, but is currently unknown how. CusABC exports copper outside of E. coli, it is unclear if Cu” is exported from the cytosol or the periplasm; and whether

CusF is required for binding and transfer of copper to CusA. Cu’ is detected by CueR and GolS in Salmonella (B) which induce expression of cue and gol

regulons respectively, although cross regulation can occur. The role of GolB in copper homeostasis remains unknown but possess sequence similarity to

known copper chaperone Atx1/CopZ. CopA and GolT both export Cu® from the cytosol into the periplasm, providing functional redundancy. CueP is a

metallochaperone that receives copper from CopA and GolT and supplies copper to SodC,. CueO converts Cu” into Cu®* within the periplasm. Currently there

is no known outer membrane copper exporter.
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1.15.2 Salmonella copper homeostasis during intracellular survival

Previous work has indentified that a copA/golT double mutant has decreased survival during
competitive infections of cell cultured macrophages against wildtype S. Typhimurium
(Osman et al. 2010). Indeed, from 12 hours post infection a drop in a copA/golT double
mutant replication is seen along with an increase in expression of copA and golT (Osman et
al. 2010). This confirmed that S. Typhimurium is exposed to copper during intracellular
survival within macrophages. Infections of S. Typhimurium within mice identified a cueO
mutant had reduced survival in comparison to its parental strain. Although, in vitro assays
with macrophage cell line Raw 264.7 or bone marrow derived primary macrophages
exhibited no difference in survival (Achard et al. 2010). This indicated CueO provides a role
in survival within a mouse model that in vitro infection assays do not replicate such as

cytokines produced in response to S. Typhimurium infection.

White et al. (2009) identified that expression of ATP-7a increases upon infection of E. coli
within cell culture macrophages, and that ATP-7a associates with the phagosome. Achard et
al. (2012) also reported an increase in both expression and abundance of ATP-7a when S.
Typhimurium infected macrophages, although unlike E. coli, ATP-7a did not associate with
the phagosome. It is possible that virulence factors within SPI-2 inhibit the association of
ATP-7a with the SCV as occurs with INOS and NADPH oxidase (Vazquez-Torres et al.
2000). The mechanism by which copper provides antimicrobial killing within macrophages
remains open. Whether copper is directly pumped into the SCV or released from complexes

with S. Typhimurium is unknown.
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1.16 Aims of the project

It is known that copper has significant antimicrobial properties and hence, in addition to
acquiring copper for cuproprotein function S. Typhimurium must also avoid copper-mediated
toxicity. Recent findings have indicated a role for copper in the bactericidal activity of
macrophages, and the ability of S. typhimurium to export copper, via either one of its two
related copper-resistance associated Pg-type ATPases, CopA and GolT, aids survival in
macrophage phagosomes. However, the precise mechanism of copper-toxicity within
macrophages remains unknown, although speculations include a role for copper in
respiratory burst oxidase mediated killing, due to its participation in Fenton chemistry, and/or
in potentiating nitrosative stress. This study therefore aimed to investigate the role of the S.
Typhimurium copper homeostatic systems in providing resistance to reactive oxygen and
nitrogen species, in the presence and absence of copper, and the contributions of these
species to the bactericidal affect of copper in macrophages. In addition, although copper-
resistance in S. Typhimurium is associated with two characterised copper homeostatic
systems, cue and gol, that function to reduce the cellular copper load, it is not known how
copper is exported across the outer-membrane. A further aim of this study was therefore to
identify a transporter involved in the export of copper across the S. Typhimurium outer

membrane.

The specific aims of this study were:
1. To determine whether or not copper influences the antimicrobial potency of reactive
oxygen and nitrogen species against S. Typhimurium and the role of the known S.

Typhimurium copper homeostatic proteins in protecting against these species.

2. To examine the role of the S. Typhimurium copper homeostatic proteins during
infection of macrophages, and the contribution of reactive nitrogen species to the

bactericidal affect of copper in these cells.

3. Toinvestigate the role of TolC in copper-export across the outer-membrane of S.

Typhimurium
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2 Materials and Methods

2.1 Bacterial strains, storage and growth conditions

S. Typhimurium and E. coli strains used during this study are shown in table 2.1, with S.
typhimurium SL1344, a histidine auxotroph, being used as a representative wildtype strain in
this study. Strains were stored long term at -80°C in 50% (v/v) glycerol. For short term use,
strains were streaked from -80 °C stocks onto solid media plates and stored at 4°C for up to
three weeks. Aerobic cultures were grown at 37°C with shaking at 200 revolutions per
minute (rpm); anaerobic cultures were grown at 37°C statically in syringes. Bacteria were
grown using either rich Luria-Bertani (LB) media or defined minimal (M9) media
supplemented with 20 ug mi™ histidine (M9H). LB media contained; 10 g I'* NaCl, 10 g I'*
tryptone, 5 g I"* yeast extract in milliQ water (mQH,0). Minimal media consisted of 1x M9
salts, 0.4% (v/v) glucose, 2 mM MgSQ,, 100 uM CacCl, in sterile mQH,O. 5x M9 salts
consisted of; 35.9 g I'* Na,HPO,, 15 g I'* KH,PO,, 2.5 g I* NaCl and 2.5 g I* NH,CI.
Glassware used for minimal media or minimal media components (added to give required
final concentrations above) was acid washed in 4% nitric acid overnight to remove metal
ions from the surface and then washed thoroughly with milliQ H,O prior to use. Solid media
was prepared by adding 15 g I'* agar prior to autoclaving after which media was poured into
sterile Petri dishes (SLS) while still molten and left to cool and solidify. Bacteria with
antibiotic resistance cassettes were selected by addition of chloramphenicol 10 or 34 ug ml’
! kanamycin 50 pyg ml™* or ampicillin 100 pg mi™. Optical densities were measured at 600 nm
using either an Ultrospec 2100 pro (Amersham Biosciences) spectrophotometer or a
Synergy HT (Bio-Tek) plate reader. For measurement in the spectrophotometer 1 ml of
culture was transferred into a 2 ml plastic cuvette (Fisher). For measurement by plate

reader, 300 pl of culture was transferred into a single well of a 96 well plate (Fisher).

Table 2.1 Strains used within study

Strain Genotype Reference / source

E. coli

DH5a F~ @80 lacZAM15 A(laczYA-argF) EGSC
U169 recAl endAl hsdR17 (rK-,
mK+) phoA supE44 A- thi-1 gyrA96
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relAl

S. Typhimurium

LB5010a metA22 metE551 ilv-452 leu-3121 SGSC

trpA2 xyl-404 galE856 hsdLT6

hsdSA29 hsdSB121 rpsL120
LB5010a AgesBC LB5010a AgesBC.: cat This study
LB5010a AkatG LB5010a AkatG.: cat This study
LB5010a AtolC LB5010a AtolC.: cat This study
SL1344 hisG46 SGSC
SL1344 AcopA SL1344 AcopA.: scar Osman et al. 2010
SL1344 AcopA cat SL1344 AcopA.: cat Osman et al. 2010
SL1344 AcopA/ SL1344 AcopA/ AgolT.: scar Osman et al. 2010
AgolT
SL1344 AcopA/ SL1344 AcopA/ AgolT.: cat Osman et al. 2010
AgolT cat
SL1344 AcopA/ SL1344 AcopA / AgolT / AsodC,/ Osman et al. 2013
AgolT / AsodC, / AsodC,.: cat
AsodC, cat
SL1344 AcueO SL1344 AcueO.: scar Osman et al. 2010
SL1344 AcueO/ SL1344 AcueO / AcueP.: scar This study
AcueP
SL1344 AcueP cat SL1344 AcueP.: cat This study
SL1344 AcueP SL1344 AcueP.: scar Osman et al. 2010
SL1344 AgesB / SL1344 AgesB / AgesC.: scar This study
AgesC
SL1344 AgolB SL1344 AgolB.: scar Osman et al. 2010
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SL1344 AgolT cat SL1344 AgolT.: cat Osman et al. 2010

SL1344 AgolT SL1344 AgolT.: scar Osman et al. 2010

SL1344 Ahmp SL1344 Ahmp.: kan Crawford and Goldberg
1998b

SL1344 Ahmp / SL1344 Ahmp / AcopA / AgolT.: kan This study

AcopA / AgolT

SL1344 AkatG SL1344 AkatG.: scar This study

SL1344 AkatG / SL1344 AkatG / AsodC, / AsodC,.: scar | This study

AsodC,/ AsodC,

SL1344 AkatG/ SL1344 AkatG / AcopA | AgolT.: scar This study
AcopA | AgolT

SL1344 AsodC,/ SL1344 AsodC,/ AsodC,.: scar Osman et al. 2010
ASOdC“

SL1344 AsodC,/ SL1344 AsodC, / AsodC, cat.: cat This study
ASOdC” cat

SL1344 AtolC SL1344 AtolC.: scar This study
SL1344 AtolC / SL1344 AtolC / AcueP.: scar This study
AcueP

SL1344 AtolC / SL1344 AtolC / AcueO.: scar This study
AcueO

2.2 Chemical reagents

Chemicals were purchased from Sigma unless stated otherwise. When required chemicals
were sterilised by either autoclaving (121°C and 15 psi for 20 min) or by filter sterilisation

using 0.22 um filters (Millipore).
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2.3 DNA Manipulation

2.3.1 Polymerase chain reaction (PCR)

PCR was set up using; >1 ng DNA, 1 yM 5’ primer, 1 yM 3’ primer, 250 uM dNTP’s (Biorad),
1 x Taq buffer, 1 unit Tag (Roche) and mQH,O to a volume of 50 pl. For synthesis of
products > 2 kbp or use of primers > 40 nucleotides (nt) in length, 1 unit Pwo (Roche) was
included in the PCR mix for its proof-reading capabilities. For colony PCR an individual
colony was stabbed into a microtube containing PCR reagents for the source of DNA. PCR
was performed using a Uvigene thermal cycler. Primers were obtained from MWG Eurofins
and re-suspended in mQH,O according to supplier's synthesis report. A full list of primers

used in this study is given in table 2.2.

Typical PCR cycle;

e Hot start 95°C 30 sec

e Denaturing 95°C 30 sec

e Annealing 45-55°C 30 sec** 30 cycles
e Extension 72°C 1-4 mins*?

e Final extension 72°C 5 mins

*! Annealing temperature was changed specific to primer synthesis report recommendation.
*2 Elongation time was adjusted to enable complete synthesis of the gene using a guide rate
of 1 kb min™.

Table 2.2 Primers used within project

Primer Primer sequence 5' - 3'

copA forward | GAC CTT AAC CTT GCT GGA AGG

COpA_RT CGACCT GACCCTGGACGGTTTGTCC

forward

copAreverse | GCT GAT GCT GCC TGA TAT AGC

COpA_RT CGCAGTGCGTTCCGC CAGGTTTACC

reverse
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cueP forward

GCATTACTT TAC CCT GCG TCC

cueP reverse

GGT CAG TAC AAAGTG AGCCCAC

cueO forward

AGG ATT GGT CGC GGC GTT TTC

cueO reverse

CGT TTG GTA CGA AGA TGG GCG

gesB_del

forward

ACATTG ACT AAA GCG GAC GGC GAC AGT GCG CCG AAG GCG
GTG CGC CAATGT GTG TAG GCT GGA GCT GC

gesB forward

GGT GCG TCC TGG CAT GAC CG

gesB_del

reverse

AAG TGA TCT TCATTA TGC CAT TCC CAT CAT TAT GCT TGC TGA
TCATGC GAC ATATGA ATAACT CCT CT

gesB reverse

GCC AAT GTC AGC GGC ATC CG

gesC_del CCG CGTTGA TTC GCA TGA TCA GCA AGC ATA ATG ATG GGA ATG
forward GCA TAATGT GTG TAG GCT GGA GCT GC

gesC_del CCG CAC TGG CGACGC GGG CGC TATTTG GGC TAACCTTGC TTT
reverse TTCTCACTC ATATGAATATCCTCCCT

gesC forward | GCT CTT CGG CCT GTT ATT GAC G

gesC reverse

CCT GTT AACCCAGCG TGC AGG C

golB forward CAT ACG CTT GGA CAA CCT GAC

golB reverse GGG GAT TAT CTC ACG CAA AG

golT forward GCA AAG GCC CAG AACAGATTC
golT_RT GGT ATG ACC TGC GCG TCG TGC GTC G
forward

golT reverse

GTG GCG TAAATG TCT CGC ATC

golT_RT

reverse

GGC GAC CAG CGAGTT CAT GTC CGG C

hmp forward

GCT GGT TGA AAC AGG ACC
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hmp reverse

CCG CAAAGATAG AAC TGC

katG_del

forward

GCT CCT GGT GTA TAT CGT AAC GGT AAC ACT TTA AAA GGG AGC
TGA GAT ATG GTG TAG GCT GGA GCT GCT TCG

katG forward

CCA CAC GCT GGG CGT AAG ACC

katG_del

reverse

TAG CAG CCG CTG ACG AAT TAACCT GTC AGATTATTG CAG ATC
GAA ACG GTC CAT ATG AAT ATCCTC CTT AG

katG reverse

GGC ACC CCT TCA GGC GTG ACG

rpoD_RT GCT GAA ACT TCT TGT CAC CCG TGG
forward
rpoD_RT CGG AGC ATT GAA CCT GGT TGA TCC

reverse

sodC, forward

GCC AAT CGC GGT TAA ATC

sodC, reverse

GGC GTAGGT TAC AGC TTC

sodC, forward

GTG CCG TAATCG CCAACT CG

sodC, reverse

GGC GATTATCTGGCG TTTACAC

tolC forward GGATTC TGC TAG AAT CAG C

tolC_comp AAT GAT GGA TCC TAG AAT TTC AAG GGT GGT TGA CTG

forward

tolC_del GCT CCC CAT CCT TAT CGG CCT GAG CCT GTC GGG GTT CAG CGT
forward GTA GGC TGG AGC TGC TTC

tolC reverse GGT CTG ATAAACGCAGCGC

tolC_comp GCC TTC AAG CTT GAG GAT GAC TGG TCG AAATTG

reverse

tolC_del GCC GGAATG GATTGC CGT TATTGC TGT TGG CGC GAG CGG CCA

reverse

TAT GAA TAT CCT CCT TAG

16s_RT

GCC ATG CCG CGT GTA TGA AGA AGG
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forward

16s_RT CCACGCTTT CGC ACC TGA GCG TCA

reverse

2.3.2 PCR product purification

PCR product purification was performed with a QiaQuick PCR purification kit (Qiagen)
according to manufacturer’s instructions. Products were analysed by agarose gel
electrophoresis and quantified on a Nanodrop ND-1000 UV spectrophotometer (Labtech)

using the 260-280 nm absorption value.

2.3.3 Extraction of plasmid DNA

A full list of plasmids used in this study is given in table 2.3. Overnight bacterial cultures (5
ml and 10 ml for high and low copy number plasmids, respectively) were pelleted by
centrifugation at 3,000 g for 20 mins (Fisher Scientific Accuspin 1R), the supernatant
discarded, and plasmids purified by alkaline lysis using the Qiagen plasmid purification kit,
according to manufacturer’s instructions. For extraction of plasmids from S. Typhimurium
strains the protocol was modified slightly, such that following addition of neutralisation buffer,
tubes were inverted twenty times and the sample pelleted by centrifugation at 14,000 g for
20 mins, followed by plasmid DNA being eluted with 50 pl nuclease free mQH,0O. Plasmid
DNA was analysed on a Nanodrop or by agarose gel electrophoresis. Plasmids were
typically propagated in E. coli DH5a and introduced into the restriction-deficient modification-

proficient S. Typhimurium strain LB5010a prior to transfer to wildtype, SL1344.

Table 2.3 Plasmids used within project

Plasmid Description Reference/source
paCYC184 Cloning vector, Chl’ Chang and Cohen 1978
paCYC184 tolC Cloning vector encoding tolC, Chl" | This study
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pCP20

Cloning vector containing flip

recombinase enzyme, Amp'

Cherepanov and
Wackernagel 1995

pKD3 Cloning vector containing Datsenko and Wanner 2000
chloramphenicol resistance
cassette flanked by flip
recombinase sites, Chl'

pKD46 Cloning vector containing lamba Datsenko and Wanner 2000

red recombinase system

pRS451 copA

Transcriptional fusion lacZ reporter
plasmid encoding PcopA from -127
to +29, Amp’

Osman et al. 2010

pRS451 golT

Transcriptional fusion lacZ reporter
plasmid encoding PgolT from -286
to +9, Amp'

Osman et al. 2010

2.3.4 Extraction of genomic DNA

Overnight bacterial cultures were pelleted by centrifugation at 3,000 g for 20 mins. The

supernatant was discarded and genomic DNA purified by alkaline lysis using the Gentra

Puregene cell kit (Qiagen), according to manufacturer’s instructions. Genomic DNA was

analysed on a Nanodrop or by agarose gel electrophoresis.

2.3.5 DNA sequencing

All plasmid constructs used within this study were checked by DNA sequencing. DNA

sequencing reactions were carried out using the Big Dye V1.1 Terminator Cycle Sequencing

Kit (Applied Biosystems) according to manufacturer’s instructions. Reactions contained 500-

750 ng of DNA, 0.1 uM primer, 3 pl Big Dye sequencing buffer, 2 pl Big Dye terminator mix

and topped up to a 20 pl volume with nuclease free mQH,O. The PCR sequencing cycle

used was:
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e 95°C 2 mins
e 05°C 40 sec
e 50°C 15 sec 25 cycles

e 60°C 4 sec

PCR samples were purified by ethanol precipitation. Ethanol precipitation involved: addition
of 60 pul 100% (v/v) ethanol and 5 pl 125 mM EDTA followed by incubation at room
temperature for 15 mins and pelleted by centrifugation at 14,000 g for 30 mins and removal
of the supernatant. The pellet was then washed by re-suspension in 60 pl 70% ethanol (v/v)
and incubated at 37°C for 5 mins, followed by being pelleted by centrifugation at 14,000 g for
5 mins and supernatant removed. DNA sequencing was subsequently performed by Paul
Fuller (at the DNA Sequencing Facility, University of Manchester) and results were checked
against known DNA sequence, with chromatograms analysed with Cromas 233.

2.3.6 Plasmid digestion

1 pg of purified plasmid was incubated with 1 U of each desired restriction enzyme (Roche)
with a mutually functional buffer as indicated by supplier's instructions and incubated at 37°C
for 2 hrs. The resultant DNA was screened by agarose gel electrophoresis to ensure

digestion was successful.

2.3.7 Plasmid ligation

A ligation mix consisting of; 1 ug insertion DNA and 0.25 ug vector DNA was mixed together
with 1 U DNA ligase (Roche) and 1x buffer B and incubated at room temperature for 4 hrs.
DNA ligation was screened by agarose gel electrophoresis to ensure the ligation had

worked.

2.3.8 Agarose gel electrophoresis

Agarose gel electrophoresis was performed using between 0.5-1.5% (w/v) of agarose in TAE
buffer (0.5 M Tris, 5.7% acetic acid, 10 mM EDTA pH 8) essentially as described by
Sambrook et al (2001). In brief, agarose was melted by heating within a microwave for 1 min

on full power and poured onto an EPS 200 gel chamber (Pharma Biotech); then left to
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solidify with a comb placed within. Electrophoresis was performed in a gel tank containing
TAE buffer supplemented with 1 pg mi™ ethidium bromide. Samples were prepared for gel
electrophoresis by adding 6x loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol
and 30% (v/v) glycerol) at a 1:5 dilution with the sample. Samples were electropheresed in
parallel with a molecular marker of known DNA sizes (Bioline) at 100 V for 40-90 mins then

analysed under a UV light transilluminator (UVITec UVlpro silver).

2.3.9 Creating electrocompetent S. Typhimurium cells

An overnight culture of S. Typhimurium was diluted 1/100 into fresh LB broth and grown at
37°C with shaking at 200 rpm until an ODgy 0f 0.2-0.3 on a plate reader was reached. Cells
were incubated on ice for 10 mins then pelleted by centrifugation at 3,000 g, 4°C (pre-
cooled) for 20 mins. Supernatant was discarded and pellet re-suspended in 10 ml ice cold
sterile mQH,0. Centrifugation and re-suspension were repeated three further times with the
third re-suspension with 10 ml ice cold sterile 10% (v/v) glycerol. The cells were pelleted by
centrifugation again and re-suspended in 1/40 of initial culture volume in 10 ml ice cold
sterile 10% (v/v) glycerol. Competent cell culture was divided into 50 pl aliquot samples and

snap-frozen in liquid nitrogen and stored at -80°C.

2.3.10 Transformation of electrocompetent S. Typhimurium cells

A 50 pl aliguot of electrocompetent cells was thawed on ice and then incubated with 1 pg
plasmid for 10 mins on ice. The plasmid and electrocompetent cells were then transferred to
an electroporation cuvette (Biorad) which had been pre-cooled in ice and electroporation
performed at 2.5 kV, 200 Q and 25 pF. Immediately after electroporation, 1 ml of LB broth
was added and cells were allowed to recover by incubation at 37°C with shaking at 200 rpm
for 1-3 hrs. Successful transformants were then screened by spread plating 200 pl onto an
LB agar plate containing an appropriate antibiotic to select for an introduced antibiotic
resistance gene, and grown at 37°C overnight. A candidate colony for a successful
transformant was either analysed by colony PCR or grown overnight in LB media and
plasmid purified from the overnight culture and digested to confirm the introduced plasmid

was correct.
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2.3.11 Real-time PCR of S. Typhimurium

2.3.11.1 RNA extraction

An overnight culture was diluted 1/100 into fresh LB broth and grown to an ODgqo 0.2-0.3
measured on a plate reader then pelleted by centrifugation at 3,000 g for 20 min, and the
supernatant discarded. RNA extraction was performed on the pellet using Trizol Pure Link
Mini kit following supplier's instructions (Qiagen) with the exception that following annealing
of RNA (in 70% (v/v) ethanol) to the column , 1U of DNase 1 and 1x buffer (New England
Biolabs) were added to the column and incubated at room temperature for 10 mins. RNA
was subsequently eluted in 50 pl of DEPEC treated mQH,O (treated with 0.1% (v/v) DEPEC
and incubated at 37°C with shaking at 50 rpm for 24 hrs followed by autoclaving). RNA
guality was checked by diluting 1/2 with 10 mM Tris pH 7.5 and absorbance measured at

260 nm with a Nanodrop. RNA quantity was calculated using the equation:
RNA (ug) = ODyg0 X 40 pg / (OD4g x 1 ml) x dilution factor x total sample volume (ml)

RNA was snap-frozen in liquid nitrogen and stored at -80°C until required.

2.3.11.2 Synthesis of cDNA

RNA was thawed on ice and 5 ng transferred to an RNase free microtube in preparation for
reverse transcription. The reverse transcription reaction contained; 5 ng RNA, 0.6 uM 3’
primer, 250 yM dNTP’s, 1 unit reverse transcriptase (Qiagen), 1x reverse transcriptase
buffer and DEPEC treated mQH,O to a volume of 30 ul. Reverse transcription was

performed in a PCR unicycler using conditions listed below.
Reverse transcription cycle;

o Reverse transcription 50°C 30 mins

e Denaturing 95°C 30 sec

cDNA formed from reverse transcription was quantified by measuring absorbance at 260 nm
on a Nanodrop. Following synthesis cDNA was snap-frozen in liquid nitrogen and stored at -

80°C until required for real-time PCR.
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2.3.11.3 Real time PCR

A real-time PCR master mix consisted of; 4 ug cDNA, 0.9 uM 5’ primer, 0.9 uM 3’ primer, 1
unit of SYBR green supermix (Qiagen) and mQH,0O to a volume of 20 pl. A real-time PCR

cycle as shown below was used;

o Denaturing 95°C 15 sec

e Annealing 50°C 15 sec

o Extension 72°C 30 sec 30 cycles

e Read plate

e Melting curve 50-92°C, 0.5°C per increase, 2 sec hold

Gene fold expression change was calculated using 2-*2°T formula (Winer et al. 1999, Kivak
1997). Gene expression was monitored for 16s rRNA, rpoD, copA and golT using primers
denoted as gene name_RT forward and gene name_RT reverse in table 2.2.

2.4 Generation of gene disruption mutants of S. Typhimurium

2.4.1 Gene replacement by an antibiotic resistance cassette

One step PCR mutagenesis was performed according to the protocol of Datsenko and
Wanner (2000) and using S. Typhimurium LB5010a that lacks chromosomal DNA restriction
systems (Bullas et al. 1983). Primers specific to the template plasmid pKD3 were designed
to include a 50 nt 5’ overhang homologous region to the 5' or 3' region of the gene targeted
for removal in addition to the 18 nt region homologous to pKD3. Standard PCR conditions
were used with the inclusion of equal amounts (1U) of Taq polymerase and Pwo DNA
polymerase (Roche), due to its 3'-5' exonuclease proof-reading activity, to amplify the
chloramphenicol resistance cassette of pKD3. Five separate PCR reactions were combined
and purified with a QiaQuick PCR purification kit following supplier's instructions (Qiagen).
An overnight culture of LB5010a containing plasmid pkD46 was diluted 1/50 in fresh LB
broth and grown for 1 hr at 37°C with shaking at 200 rpm prior to the addition of 1 ml of 10
mM L-arabinose and growth continued until early log phase (ODgg 0.2—0.3, in a plate
reader) was reached. The cells were then made electrocompetent and the purified PCR
product (containing homologous target gene regions flanking a chloramphenicol resistance
cassette, CAT) was introduced by electroporation. Cells were allowed to recover at 37°C
with shaking at 200 rpm for 3 hrs and then plated out onto LB agar plates containing 10 ug
ml™ of chloramphenicol and grown at 37°C overnight. Resulting colonies were screened by

colony PCR using primers that flank the gene targeted for mutation and products analysed
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by agarose gel electrophoresis. If the mutation was successfully created, the mutation was
transferred from LB5010a into SL1344 by P22 phage transduction.

2.4.2 P22 phage preparation and transduction

2.4.2.1 P22 phage quantification

Labs stocks of P22 bacteriophage were quantified using LB5010a. Separately 100 pl of
phage was diluted in 0.9% (v/v) NaCl and dilutions 10°-10"° were mixed gently with 100 pl of
a LB5010a overnight culture and 4 ml of molten soft agar (0.75% agar) before being poured
on top of an LB agar plate. The plates were then incubated at 37°C overnight and plaques
present were counted and plaque forming units' ml™ calculated. A plate with confluent
plagues from quantifying plaque forming units was selected and 5 ml of 0.9% (v/v) NaCl was
poured onto a plate and left overnight at room temperature. Phage soak out was harvested
in a 15 ml Falcon tube, giving a phage stock. The phage stock had its plaque forming units
determined as previously described and 200 pl chloroform was added to the falcon tube to
kill any residual bacteria.

2.4.2.2 Preparation of P22 lysate

Phage stock was diluted to 10° pfu in 200 ul 0.9% (v/v) NaCl and mixed with 100 pl
overnight culture of donor strain and 4.7 ml of transducing broth then incubated overnight at
37°C with shaking at 200 rpm. Transducing broth consisted of: 48.8 ml LB broth, 1 ml 50x E
salts (Vogel and Bonner 1956), 200 ul 50% (v/v) glucose. Controls that contained no donor
bacteria and no phage dilution were also performed. Lysates had 100 pl of chloroform added
and incubated at 37°C with shaking at 200 rpm for 5 mins then pelleted by centrifugation at
3,000 g for 20 mins. The supernatant was transferred to a fresh tube and 100 pl of

chloroform added to give the mutant donor lysate stock.

2.4.2.3 Transduction

Transducing broth was diluted to 10 in 0.9% (v/v) NaCl, 100 pl of all dilutions (10°-10)
were separately mixed with 100 pl of recipient overnight culture and incubated for 1 hr at
37°C with shaking at 200 rpm. After incubation the culture was spread plated onto LB agar

plates containing either 10 pug ul™ chloramphenicol or 25 pg ul™ kanamycin depending on
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antibiotic resistance cassette and grown overnight at 37°C. Colonies present on antibiotic

containing plates were screened by colony PCR to identify if the mutation was correct.

2.4.3 Removal of gene disruption antibiotic cassette

Antibiotic resistance cassettes were removed by the flip recombinase enzyme encoded
within pCP20 (Cherepanov and Wackernagel 1995). A strain containing a gene disruption
antibiotic cassette was made electrocompetent and pCP20 was introduced by
electroporation. Following recovery, 200 ul of culture was spread plated onto LB agar plates
containing 100 ug ml™ ampicillin which selected for bacteria containing pCP20, and were
incubated overnight at 30°C. A colony was selected from the ampicillin containing LB agar
plates and inoculated into 5 ml LB broth overnight and grown at 37°C with shaking at 200
rpm to remove the heat-sensitive plasmid. The overnight culture was serially diluted in PBS
to 10°°, four 20 pl droplets of dilutions 10°~10"° were plated out onto LB agar plates by Miles
and Misra technique to obtain individual colonies (Miles and Misra 1938). Fifty colonies from
the dilution plates were used to patch onto LB agar plates containing: no antibiotic, 100 ug
ml™* ampicillin and 34 pyg mi™* chloramphenicol. Colonies that had lost chloramphenicol and

ampicillin resistance were checked by colony PCR to confirm the cassette was removed.

2.5 Reactive species killing and tolerance assays

2.5.1 Reactive oxygen species killing assay

Overnight cultures were diluted 1/10 and 30 pl were added to the wells of a 96 well plate
containing 200 pl of LB broth, 30 pl 1 mM CuSQO, or H,O and various concentrations of
reactive oxygen species (diluted in H,0) in a volume of 40 pl (added last). The sources of
reactive oxygen species used were hydrogen peroxide or paraquat. Plates were incubated at
37°C for 2 hrs. Cultures were subsequently serial diluted in PBS and dilutions plated onto LB

agar plates and colonies quantified by Miles and Misra technique.

2.5.2 Xanthine oxidase killing assay

Overnight cultures were diluted 1/100 into 2.445 ml of PBS within a 14 ml tube, with 50 ul 25
mM hypoxanthine or H,O with and without 5 pl of 50 U bovine xanthine oxidase were added

as indicated in individual experiments. Tubes were incubated at 37°C with shaking at 200
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rpm for 2 hrs. Cultures were subsequently serially diluted in PBS and dilutions plated onto
LB agar plates and colonies quantified by Miles and Misra technique. To confirm the
production of superoxide, 25 UM of nitro blue tetrazolium was added and the formation of

nitro blue tetrazolium formazan was measured at an absorbance of 560 nm.

2.5.3 Reactive nitrogen species tolerance assay

Overnight cultures were diluted 1/100 into fresh LB broth and 30 pl added to 200 pl of LB
broth and 70 pl of reactive nitrogen species and sterile H,O, depending on the concentration
required, in a well of a 96 well plate. A variety of RNS generators were used: acidified
sodium nitrite (ASN), GSNO and NOC5/7. Acidified sodium nitrite required sodium nitrite
dissolved in H,O to be mixed with acidified 1M MES (buffered to a pH of 5.5 by drop-wise
addition of 1M NaOH) at a 1:1 ratio before addition to the 96 well plate in a fume hood.
GSNO was dissolved in mQH,0O and NOC-5 and NOC-7 were dissolved in 0.1% (v/v) NaOH.
Cultures were incubated at 37°C for 7 hrs then serially diluted in PBS; with viable bacteria
subsequently quantified using Miles and Misra technique plating onto LB agar plates and
grown at 37°C overnight. Nitrite levels in media were quantified by the addition of 150 pl of
bacterial culture to 150 ul Griess reagent (Calbiochem) and absorbance at 540 nm was

measured by a plate reader.

Subsequent experiments examined the effects on growth of selected (from the previous
experiment) concentrations of reactive nitrogen species (ASN) as a function of time.
Overnight cultures were diluted 1/100 into 49 ml LB broth in a 250 ml flask and 1 ml of 5 mM
ASN was added prior to incubation at 37°C with shaking at 200 rpm. Every hour 300 pl
samples were removed and ODgy measured on a plate reader. Samples were diluted with

LB broth if ODggo exceeded 0.7 and samples were taken every hour for 7 hrs.

2.5.4 Peroxynitrite killing assay

Peroxynitrite killing assay was performed with the same protocol as reactive oxygen species
killing assay, with peroxynitrite (Merck) substituting for the presence of hydrogen peroxide or

paraquat.
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2.5.5 B-galactosidase assays

Overnight cultures were diluted 1/100 into fresh LB broth containing 100 pug mi™ ampicillin
prior to growth at 37°C, with shaking at 200 rpm, until an ODgg of 0.2-0.3 was reached.
CuSOQ, or reactive nitrogen species were then added, to various concentrations, to the
bacterial culture and incubation continued for 30 mins at room temperature and ODgq vValue
was measured and recorded. B-galactosidase assays were performed essentially as
previously described by Cavet et al. (2002). B-galactosidase activity was calculated as
nmole o-nitrophenol (ONP) min™ mg™ protein, by measuring the absorbance of samples at

OD414 and using the following equation:

B-galactosidase activity = 300 * (OD4140. — OD414 (0))

13.68 (T * VV * ODsgs)

Where T = reaction time (min), V = volume of culture used, 300 nmoles of ONP = 1 optical
density unit at OD414. ODai14¢) = ODa14 Of the reaction terminated at time T, whereas ODgja) =
ODy14 of the reaction terminated at time 0. 1/13.68 = ODsgs5 Of a S. Typhimurium culture that

is equivalent to 1 mg mlI™* of protein.

2.6 Salmonella metal tolerance assays

2.6.1 Aerobic metal tolerance assays

Overnight cultures were grown in either fresh LB broth or minimal media and diluted 1/50
into fresh media, 2.475 ml of diluted culture was transferred to a 14 ml plastic tube (Falcon)
and 25 pl of various concentrations of metal stocks, or H,O, was added to each tube.
Samples were incubated at 37°C with shaking at 200 rpm for 2-3 hrs to monitor growth in LB

broth or 4-5 hrs to monitor growth in minimal media.

2.6.1.2 Anaerobic metal tolerance assays

A 1/50 dilution of an aerobic overnight culture was added to fresh LB broth or minimal media
supplemented with 200 mM sodium fumarate and in which 0.4% (v/v) glucose was replaced
with 0.4% (v/v) glycerol. Per sample, 49.95 ml of diluted overnight culture and 50 pl of a
dissolved metal were gently mixed and uptaken within a 60 ml syringe (BD Plastipak), air
bubbles were dispelled and the syringe sealed with a Luer-lock. LB broth cultures were

grown for 3.5 hrs and minimal media cultures grown for 13 hrs statically at 37°C. Syringes
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were shaken manually for 30 sec prior to a sample being squeezed out of the syringe into a

2 ml cuvettes and ODgy, Was measured in using a spectrophotometer.

2.6.1.3 Analyses of copper tolerance on solid media

Filter sterilised CuSO,4 was added to molten LB agar, to various concentrations, and mixed
thoroughly prior to pouring into plates. Overnight cultures were serially diluted in PBS and 10
pl drops of the dilution series were then added to each LB agar plate supplemented with the
different copper concentrations. Plates were incubated for 12-18 hrs at 37°C overnight.
Anaerobic growth was performed by incubating plates within an anaerobic jar (Oxoid) with a
sachet of AnaeroGen (Oxoid) for 48 hrs at 37°C. Plates were photographed using a CDC
camera within a UV light transilluminator (UVITec UVlpro silver).

2.6.2 Determination of cellular metal quotas by ICP-MS analyses

2.6.2.1 S. Typhimurium cation content analyses

Overnight cultures were diluted 1/100 in 50 ml of minimal media within a 250 ml flask and
cultures grown overnight at 37°C with shaking at 200 rpm for aerobic growth. For anaerobic
growth, overnight bacterial cultures were diluted 1/100 in 100 ml minimal media
supplemented with sodium fumarate and uptaken within two 60 ml syringes and grown
overnight at 37°C. Following overnight incubation, 1 ml of culture was used to measure
absorbance at ODgyo and perform viable counts using Miles and Misra technique on LB agar
plates. A further 1 ml of culture was used for protein quantification by Bradford assay
(Section 2.5.4). The remaining 48 ml of culture was pelleted by centrifugation at 3,000 g for
20 min, the supernatant drained and the pellet re-suspended in 10 ml TE buffer (1% (v/v) 1M
Tris pH 7.5, 0.2% (v/v) 0.5 M EDTA in mQH,0) or 5 ml of TE buffer and the two samples
combined for anaerobic cultures. Samples were re-pelleted by centrifugation at 3,000 g for
10 mins and the process was repeated three times with the final pellet being re-suspended
in 10 ml mQH,0. Pellets were dried at 80°C for 24 hrs followed by the addition of 0.5 ml 70%
(v/v) suprapure nitric acid (Calbiochem) and incubated at 37°C with shaking at 200 rpm for
36 hrs. Samples were transferred to 1.5 ml microtubes and pelleted by centrifugation at
14,000 g for 5 min, 308 pl of supernatant was added to 9.69 ml mQH,O. Samples were sent
to Dr Paul Lythgoe (University of Manchester) who performed the ICP-MS analysis and

returned the raw data.
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2.6.2.2 Raw 264.7 macrophage cation content analyses

Macrophages were grown in a T162 cm? flask (Corning) until confluent (Section 2.7.1) and
washed four times with 10 ml PBS prior to addition of 10 ml 0.9% (v/v) Triton-X and
incubated at 37°C for 5 mins. Remaining adhered cells were re-suspended with a cell
scraper (Greiner) and the flask contents transferred into a 15 ml tube and sent for ICP-MS
analysis. A control flask was used to quantify viability of macrophages by combining with
Trypan blue. Viable cells were counted using a haemocytometer chamber (Marienfield) and
an Olympus CK40 light microscope (Trypan blue staining of live cells resulted in staining of
the nucleus and dead cells stained entirely blue). The number of viable cells present within
16 pm?® was determined in four separate repeats and the average number of viable cells ml™*

calculated.

2.6.3 Protein quantification assay

Protein concentrations were determined using the Bradford assay (Bradford 1976), 1 ml
culture was pelleted by centrifugation at 14,000 g and re-suspended in TE buffer (as stated
in section 2.6.2.1) for 10 mins then boiled for 10 mins. Samples were mixed at a 1:1 ratio
with Coomassie brilliant blue. A protein standard curve was set up using bovine serum
albumins (BSA) as instructed in the supplier's guidelines and absorbance measured at

ODgq in a plate reader.

2.7 Culturing and infection of macrophages

2.7.1 Macrophage cell line growth and storage

The Raw 264.7 macrophage cell line (American type culture collection) was used with
aliquots stored in liquid nitrogen. Cells were routinely maintained in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% (v/v) heat-inactivated foetal bovine serum
(FBS, Invitrogen) at 37°C, 5% CO, in a humidified incubator (Biohit galaxy) and all
macrophage manipulations were performed within a class Il safety cabinet unless stated
otherwise. To resuscitate cells, a frozen aliquot was thawed on ice and transferred to a T25
cm® vented flask containing 5 ml DMEM and 10% (v/v) FBS. Macrophages were routinely
passaged when 80-90% confluent into a new flask at a four-fold dilution and used for
infection assays between passage 6 and 25. To passage cells were washed with 10 ml PBS,

to remove metabolites and non-adhesive macrophages, before being re-suspended in 10 ml
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DMEM with 10% (v/v) FBS with a cell scraper and transferred to a new T162 cm?®flask
containing 40 ml fresh DMEM and 10% (v/v) FBS. When > 10% of macrophages were non-
adherent a fresh macrophage batch was thawed and used. Only early passage
macrophages (< 4) were used to replenish frozen stocks. To replenish frozen stocks a
confluent T162 cm? flask (approximately 2 x 10" macrophages) was re-suspended in 10 ml
DMEM containing 10% (v/v) FBS, 10% (v/v) DMSO and 1 ml aliquots transferred into 1.5 ml
cryogenic tubes. Samples were cooled -1°C per mins until -80°C within a Mr Frosty
(Nalgene) containing iso-propanol. The following day the tubes were snap frozen in liquid
nitrogen and stored in liquid nitrogen until required.

2.7.2 Bone marrow extraction of macrophage progenitor cells and differentiation

C57BL/6 mice legs were obtained from the in-house animal services (Biological Services
Faculty). Skin and muscle tissue was removed from leg bones with forceps in sterile PBS.
The upper and lower leg bones were cleaved at the knee joint and bone marrow was
expelled by needle and syringe through administration of 2.5 ml DMEM per bone within the
internal cavity, and collected in a 15 ml Falcon tube. Bone marrow progenitor cells were
transferred to a T225 cm® and T75 cm?® flask and 30 ml differentiation media was added prior
to incubation. Differentiation media consists of a 70:30 ratio of fresh DMEM containing 10%
(v/v) FBS and pre-used DMEM containing 10% (v/v) FBS from the fibroblast cell line L929
(ATCC); which releases macrophage colony stimulating factor during their growth. After
three days, additional differentiation media was added equivalent to 20% of flask volume and
cells were left for a further three days before progenitor cells differentiated into macrophages

and were ready to be seeded for infection.

2.7.3 Salmonella intracellular survival assay

A confluent T162 cm?® flask was passaged to remove DMEM, washed with PBS then re-
suspended in DMEM containing 10% (v/v) FBS. Suspended macrophages were seeded at 1
x 10° macrophages per well (in 2 ml medium) in 6 well flat bottomed plates (Corning) and
incubated for 18-24 hrs prior to bacterial challenge. Macrophage adherence and 90-95%
confluency within wells was then confirmed using a light microscope (Olympus CK40 light
microscope x60 magnification) immediately prior to infection. To determine viable cell
numbers, macrophages were washed in PBS prior to resuspension in DMEM containing
10% (v/v) FBS and an aliquot diluted 1/10 in DMEM prior to mixing at a 1:1 ratio with Trypan
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blue and viable macrophages counted as previously stated (section 2.6.2.2). For
experiments using activated macrophages, 1000 U mI*mouse recombinant IFN-y
(Calbiochem) was added 12-16 hrs prior to infection and 6 hrs post seeding. For
experiments under copper depleted conditions, DMEM containing 10% (v/v) FBS
supplemented with 500 uM bathocuproine disulphonate (BCS) 12 hrs prior to use. iINOS
activity was inhibited by the addition of 5 mM N%methyl L-arginine acetate (L-NMMA) 2 hrs
post infection.

Competitive infection assays were performed. In brief, macrophages were washed with 0.5
ml PBS three times prior to the addition of 1 ml of PBS to each well. Bacteria were grown
overnight in minimal media and ODgg determined and adjusted to within a 5% difference of
culture with the lowest ODgqo reading by addition of fresh media. For competitive infections,
two bacterial were mixed together 1:1 and added to seeded macrophages to give an MOI of
10:1 (bacteria: macrophages) and bacteria brought into contact with macrophages by
centrifugation at 300 g, 37°C for 5 min, to aid bacterial uptake (defined at time = Oh). Post
centrifugation, plates were incubated for 1 hr at 37°C and then washed three times with 1 ml
PBS and 2 ml of DMEM containing 100 ug mi™ gentamycin was added to each well and
incubation continued for 1 hr to kill any remaining extracellular bacteria. DMEM containing
100 pg ml™ gentamycin was then replaced (time = 2 hours) with 2 ml fresh DMEM containing
20 pg mi™* of gentamycin, to inhibit external bacterial replication, and plates incubated for the
duration of infection. At specified time points DMEM medium was removed and cells washed
four times with 1 ml of PBS and intracellular bacteria released by the addition of 0.5 ml 0.9%
(v/v) Triton-X 100 and incubation for 5 mins at 37°C. Bacteria were re-suspended in the
wells by pipetting and then serially diluted in PBS and plated using Miles and Misra
technique onto both LB and LB chloramphenicol 10 pg mi™ agar plates and grown at 37°C
overnight. RNA extractions from infected cells were performed after washing macrophages
four times with PBS then 0.5 ml of RNA protect (Qiagen) was added to each well followed by
incubation for 5 mins at room temperature and infected macrophages were then re-
suspended using a cell scrapper and 18 wells were combined together from which typical

RNA extraction protocol was followed (section 2.2.11).

2.7.4 Measuring media nitrite levels

To measure nitrite release, and hence activation, from macrophages during infection assays,

media from infection wells was transferred into a 1.5 ml microtube and pelleted by
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centrifugation at 14,000 g for 1 min. Nitrite was quantified as previously stated (section 2.5.3)

with Griess reagent.

2.7.5 1L-1B extraction and detection

Infections were performed as previously stated with SL1344 in macrophages pre-treated
with and without IFN-y. At determined time points macrophages were lysed with 0.5 ml 0.9%
(v/v) Triton-X 100. Lysate was pelleted by centrifugation at 14,000 g for 10 mins and
supernatant was transferred into a microtube and stored at -20°C until required. ELISA was
performed using a mouse IL-18 ELISA kit (RnD) following supplier's instructions. IL-13 levels

were quantified using a standard curve of known IL-1p levels.

2.7.6 Inmunofluorescent staining and imaging

Coverslips were sterilised by dipping in 100% (v/v) ethanol and flame dried, then placed
within a well of a 6 well plate. Macrophages were passaged normally and seeded into wells
containing coverslips. Infection protocol was performed as above and at various time points
post infection, macrophages were washed four times with 1 ml PBS and fixed to coverslips
by the addition of 1 ml 3% (v/v) paraformaldehyde, incubated at room temperature for 20
mins and then washed with 1 ml PBS three times, with the second PBS wash containing 20
mM glycine pH 8.5. Macrophages were permeabilized with 1 ml 0.1% (v/v) Triton X-100 in
TBS (50 mM Tris, 150 mM NaCl pH 7.4) for 10 mins at room temperature and washed three
times with 1 ml PBS then stored in PBS at 4°C until all time points were finished. Coverslips
were blot dried with tissue paper and incubated on top of a 20 ul drop of Image-iT FX signal
enhancer (Molecular Probes) on a piece of parafilm in a humid environment at room
temperature for 30 mins. Permeabilised macrophages were then washed with TBS three
times and then blocked with permeabilization blocking buffer for 30 mins at room
temperature. Blocking buffer contained: 1% (v/v) fish gelatine, 0.1% (v/v) Triton X-100, 10%
(v/v) normal goat serum, 1X TBS in mQH,O. To stain bacteria, rabbit anti-O4 serum stain
(Merck) was diluted 1/500 in blocking buffer and 50 ul was placed onto a piece of parafilm
and the coverslip was placed face down onto the drop and incubated in darkness for 1 hr at
room temperature. Macrophages were then washed three times with TBS and then stained
with 50 pl of secondary antibody (AlexaFluor 555 goat anti-rabbit, Invitrogen) diluted 1/2000
in blocking buffer), as described for the primary antibody stain. Subsequently, coverslips

were incubated in TBS containing 1x DAPI for 10 mins at room temperature on a shaking

96



platform and washed three times in TBS then three times in mQH,O. A 10 ul drop of
mounting media was added to a slide and the coverslip with stained fixed cells placed face
down on the mounting media and left to set at room temperature for 2 hrs in darkness, and
then stored at 4°C. Staining was visualised using a fluorescent microscope with the confocal
setting (Nicon C1 inverted with TIRF), DAPI was excited at 360-370 nm and emissions
measured at 420-460 nm, Texas red (secondary antibody) was excited at 560-550 nm and

emission measured at 645-750 nm.
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Chapter 3

To investigate the role of the S. Typhimurium copper homeostatic systems in

providing protection against reactive oxygen and nitrogen species in the

presence and absence of copper

3.1 Introduction

S. Typhimurium is an intracellular pathogen residing within macrophages or macrophage like
cells during systemic infection. Intracellular S. Typhimurium are exposed to a number of
antimicrobial agents including reactive oxygen and nitrogen species, copper and the
endocytic pathway. Several intracellular pathogens such as S. Typhimurium and M.
tuberculosis are able to avoid degradation through the endocytic pathway by inhibiting the
fusion of lysosomes to the phagosome (Buchmeier and Heffron 1991). Nonetheless,
pathogens are still exposed to antimicrobial mechanisms in the phagosomal compartment.

Reactive oxygen species are primarily utilised to kill pathogens by protein, lipid and DNA
damage. Reactive nitrogen species also target protein, lipids and DNA, but inhibit the growth
of intracellular pathogens rather than destroying the pathogen. Reactive oxygen species are
produced within one hour of phagocytosis of a pathogen whereas reactive nitrogen species
are produced approximately 8 hours after phagocytosis (Eriksson et al. 2003). Peroxynitrite
is formed from the combination of superoxide and nitric oxide, although its classification as a

separate stress to reactive oxygen species is debated.

Recent publications have identified copper as an antimicrobial agent within macrophage
phagosomes (White et al. 2009, Achard et al. 2012, Osman et al. 2010). If unregulated
copper can induce damage indirectly by catalysing Fenton chemistry to release hydroxyl
radicals, this contributing to reactive oxygen mediated killing, or directly disrupt
metalloproteins such as iron sulphur clusters (Macomber and Imlay 2009). Reactive nitrogen
species have also been identified to liberate bound copper from the metallothionine MymT
within M. tuberculosis highlighting the potential that reactive nitrogen species could increase
copper levels inside an intracellular pathogen. Thus, the combined actions of copper and
reactive nitrogen species may contribute to pathogen killing. The presence of copper within
the Salmonella containing vacuole is detected 12 hours post infection, consequently at a
similar timing to the production of reactive nitrogen species (Osman et al. 2010, Eriksson et
al. 2003).
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3.2 Reactive oxygen species

3.2.1 Copper increases the toxicity of hydrogen peroxide

Hydrogen peroxide can form hydroxyl radicals in the presence of a redox agent. Iron is
typically given as the example but copper is also capable of redox actions to potentiate a
greater conversion of hydrogen peroxide into hydroxyl radicals as shown below (Fenton
1894).

Cu'+ 0, —» Cu*+ 0,
Cu' + H,0, — Cu®*" + OH + OH'

Without the presence of a redox agent hydrogen peroxide can be converted into oxygen and
water as shown below by catalase, alkyl hydroperoxide reductase or glutathione peroxidase
activity.

2H,0, — 2H,0 + O,

Hydrogen peroxide can readily diffuse into S. Typhimurium due to its uncharged status,
consequently when S. Typhimurium is present in a hydrogen peroxide rich environment it is
highly susceptible to reactive oxygen species mediated damage. The presence of hydrogen
peroxide and copper together is proposed to be particularly toxic due to Fenton chemistry.
To investigate whether or not copper increases hydrogen peroxide toxicity to S.
Typhimurium endpoint hydrogen peroxide and copper survival assays were performed with
SL1344. An overnight culture was diluted 1/100 into fresh LB and incubated in the presence
of hydrogen peroxide with and without supplementation of CuSO, (figure 3.1). Copper and
hydrogen peroxide alone were capable of killing S. Typhimurium but when the two were
combined significantly greater killing occurred (p <0.05). S. Typhimurium incubated with
copper had a viable count of 1x10’, with hydrogen peroxide 5.5x10° and the combination of
copper and hydrogen peroxide 1.1x10°. This is consistent with previous work that suggests
copper increases the toxicity of hydrogen peroxide toward bacteria (Fenton 1894 and White
et al. 2009).
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Figure 3.1 Copper increases toxicity of hydrogen peroxide towards S. Typhimurium

An overnight culture of SL1344 (black) was diluted 1/100 into fresh LB and supplemented with 1 mM
CuS0O, and/or 50 uM H,0O, where stated and incubated at 37°C for 2 hours. Bacteria were then
serially diluted in PBS and quantified by plating onto LB agar by the method of Miles and Misra and
grown at 37°C statically overnight. Data points represent the mean of three independent repeats
performed in triplicate, error bars represent standard error.
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3.2.2 Copper homeostasis mutants have similar hydrogen peroxide tolerance to

wildtype S. Typhimurium

Having confirmed that copper increases the toxicity of hydrogen peroxide toward S.
Typhimurium, the tolerance of copper homeostasis mutants to hydrogen peroxide, in the
presence and absence of sub-lethal concentrations of copper was examined. It has
previously been identified that S. Typhimurium lacking the two copper exporting Ps-type
ATPases CopA and GolT(AcopA/AgolT) accumulate 25 fold greater copper levels than
SL1344 when grown in sub-lethal concentrations of copper (Osman et al. 2010). Hence, may
be more sensitive to hydrogen peroxide than wildtype cells due to the increased potential for

Fenton chemistry.

Endpoint hydrogen peroxide and/or copper survival assays were performed with SL1344,
AcopA/AgolT, AgolB and AcueO/AcueP (figure 3.2). No significant difference was seen
between copper homeostasis mutants when exposed to hydrogen peroxide in the presence
and absence of copper. As previously (figure 3.1), copper increased the toxicity of hydrogen
peroxide to S. Typhimurium and a similar reduction was observed for the copper
homeostasis mutants. Increased killing from the addition of copper was seen at 50 uM and
100 uM hydrogen peroxide with the largest difference at 100 uM. When incubated with 100
uM hydrogen peroxide SL1344 had a viable count of 5.78x10* and with the addition of 0.25
mM CuSO, a viable count of 5.54x10° a difference of more than one log.
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Figure 3.2 Copper homeostasis mutants of S. Typhimurium have similar tolerance to hydrogen

peroxide as wildtype in the presence and absence of copper

Overnight cultures of SL1344 (black), AcopA/AgolT (white), AgolB (grey) and AcueO/AcueP (diagonal
lines) were diluted 1/100 into fresh LB media in the presence of 0 uM, 50 uM and 100 puM H,0O, in the
presence and absence of 0.25 mM CuSQ, and incubated at 37°C for 2 hours. Bacteria were serially
diluted in PBS and quantified by plating onto LB agar by the method of Miles and Misra and grown at
37°C statically overnight. The following day colonies were counted and converted to cfu ml™. Data
points represent the mean of three independent repeats performed in triplicate, error bars represent

standard error.
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The lack of a tolerance difference between the survival of copper homeostasis mutants and
SL1344 to hydrogen peroxide in the presence and absence of sub-lethal copper indicates
that hydrogen peroxide killing is not influenced by bacterial cellular copper contents or ability
to detoxify copper. Indeed, despite the increased levels of copper within AcopA/AgolT no
reduction on hydrogen peroxide tolerance was detected. S. Typhimurium is able to complex
large quantities of copper in a form that is unable to catalyse Fenton chemistry. As the
presence of copper gave increased killing than incubation with hydrogen peroxide alone,
copper is most likely catalysing Fenton chemistry outside of S. Typhimurium, as such
hydroxyl radicals may then either directly attack the outer membrane of S. Typhimurium or
diffuse through porins and attack periplasmic molecules. The creation of hydroxyl radicals
outside of S. Typhimurium would explain the killing seen across all strains, regardless of
copper homeostatic capabilities, in the presence of copper and hydrogen peroxide.

3.2.3 S. Typhimurium copper homeostasis mutants have similar paraguat tolerance

An alternate reactive oxygen species generator was investigated, paraquat, that generates
superoxide within a host cell. Paraquat receives electrons from NADPH forming a paraquat
radical that reduces oxygen into superoxide returning paraquat to its prior oxidation state, as

shown below.
C1.H1.ClLN,** (paraquat) + 2e” — Cy,H14Cl,N, (paraquat free radical)
20, 20,

The tolerance of wildtype S. Typhimurium and various copper homeostatic mutants to
paraquat was examined in the presence and absence of copper. SL1344 was incubated in
the presence and absence of paraquat and copper (figure 3.3). Incubation of SL1344 in the
presence of 50 mM paraquat had a viable count of 1.35 x10’, with 1 mM CuSO, a viable
count of 2.72 x10’ and the combination of paraquat and CuSO, gave a viable count of 1.30
x10". No difference was seen between the viable counts for S. Typhimurium exposed to
paraquat, copper or paraquat and copper. Hence, copper does not increase the potency of
paraquat toward S. Typhimurium tolerance. The tolerance of copper homeostasis mutants to
paraquat, in the presence and absence of sub-lethal concentrations of copper was examined
(figure 3.4). No significant difference in tolerance to superoxide was seen between copper

homeostasis mutants and SL1344.
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Figure 3.3 Copper does not alter S. Typhimurium tolerance to paraquat

Viable count ml-1(x109)

Paraquat

Paraquat + Cu

An overnight culture of SL1344 (black) was diluted 1/100 into fresh LB and supplemented with 1 mM
CuS0O, and 50 mM paraquat where stated and incubated at 37°C for 2 hours. Bacteria were serially
diluted in PBS and quantified by plating onto LB agar by the method of Miles and Misra and grown at
37°C statically overnight. Data points represent the mean of three independent repeats performed in
triplicate, error bars represent standard error.
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Figure 3.4 Copper homeostasis mutants of S. Typhimurium have similar tolerance to paraquat
as SL1344 in the presence and absence of copper

Overnight cultures of SL1344 (black), AcopA/AgolT (white), AgolB (grey) and AcueO/AcueP (diagonal
lines) were diluted 1/100 into fresh LB media in the presence of 0, 50 mM and 100 mM paraquat with

and without 0.25 mM CuSO, and incubated at 37°C for 2 hours. Bacteria were serially diluted in PBS

and quantified by plating onto LB agar by the method of Miles and Misra and grown at 37°C statically

overnight. The following day colonies were counted and converted to cfu ml™. Data points represent

the mean of three independent repeats performed in triplicate, error bars represent standard error.
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3.2.4 S. Typhimurium copper homeostasis mutants do not have any difference in

tolerance to reactive oxygen species generated by xanthine oxidase

Xanthine oxidase (XOD) catalyses the formation of hydrogen peroxide and superoxide by
the oxidation of xanthine as shown below (Kelley et al. 2010). The production of either
hydrogen peroxide or superoxide is dependent upon O, concentration within the surrounding
environment. Superoxide production is proportional to oxygen concentration available; at
atmospheric O, concentration (21%), approximately four molecules of hydrogen peroxide
are produced per atom of superoxide (Kelley et al. 2010). The addition of hydrogen peroxide
to a bacterial culture supplies a high initial concentration of reactive oxygen species
decreasing with time as Fenton chemistry is catalysed. The use of xanthine oxidase
maintains a consistent concentration of hydrogen peroxide and superoxide throughout the

experiment.
CsH4N,O (Hypoxanthine) + 2H,0 + O, —CsH,N,O, (Xanthine) + H,O,+ 2H" + O,
CsHaN,4O; (Xanthine) + 3H20 + 20, — CsH4N4O5 (Uric acid) + 2H,0,+ 2H" + O,

Xanthine oxidase, unlike paraquat, generates reactive oxygen species outside of S.
Typhimurium. To confirm xanthine oxidase production of superoxide xanthine oxidase and
hypoxanthine were mixed together and superoxide production quantified by addition to
nitroblue tetrazolium (figure 3.5A). Upon confirming xanthine oxidase production of reactive
oxygen species, the tolerance of wildtype S. Typhimurium to xanthine oxidase generated
reactive oxygen species in the presence and absence of copper was examined (figure 3.5B).
The presence of copper did not influence S. Typhimurium tolerance to xanthine oxidase
generated reactive oxygen species. The tolerance of copper homeostasis mutants to
xanthine oxidase generated reactive oxygen species was examined (figure 3.6). No

significant difference was seen between copper homeostasis mutants.
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Figure 3.5 Copper does not enhance killing of S. Typhimurium by xanthine oxidase

(A) Hydrogen peroxide production was quantified by the addition of XOD and hypoxanthine as
indicated to PBS and then mixed 1:1 with 10 mM nitroblue tetrazolium and incubated at room
temperature for 10 mins. Absorbance at ODsso was measured on a plate reader. (B) An overnight
culture of SL1344 was diluted 1/100 into fresh LB with 5 units xanthine oxidase and 25 uM
hypoxanthine and supplemented with (black) and without (white) 1 mM CuSO, and incubated at 37°C
200 rpm for 2 hours. Bacteria were serially diluted in PBS and quantified by plating onto LB agar by
the method of Miles and Misra and grown at 37°C statically overnight. Data points represent the mean

of three independent repeats performed in triplicate, error bars represent standard error.
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Figure 3.6 Copper homeostasis mutants of S. Typhimurium have similar tolerance to xanthine

oxidase generated reactive oxygen species as SL1344

Overnight cultures of SL1344 (black), AcopA/AgolT (white), AgolB (grey) and AcueO/AcueP (diagonal
lines) were diluted 1/100 into fresh LB and supplemented with 5 units xanthine oxidase and 25 yM
hypoxanthine where stated and incubated at 37°C for 2 hours. Bacteria were serially diluted in PBS
and quantified by plating onto LB agar by the method of Miles and Misra and grown at 37°C statically
overnight. Data points represent the mean of three independent repeats performed in triplicate, error

bars represent standard error.
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It has been suggested (A. McEwan, University of Queensland, personal communication) that
a subtle phenotype for sensitivity to reactive oxygen species could be masked by the action
of catalase. Catalase converts hydrogen peroxide into water and oxygen thus reducing
hydrogen peroxide toxicity and potentially preventing Fenton chemistry. Catalase has been
identified to have an extremely high working efficiency during in vitro assays showing no
saturation even when exposed to substantially high hydrogen peroxide levels (Lledias et al.
1998). A catalase mutant (katG) of S. Typhimurium was made by insertional mutagenesis as
previously described in Datsenko and Wanner (2000) to test whether or not copper
homeostasis mutants show increased sensitivity to reactive oxygen species when KatG
activity is absent.

3.2.5 An S. Typhimurium katG mutant has decreased tolerance to hydrogen peroxide

than SL1344 but no difference in tolerance to paraquat and xanthine oxidase

generated reactive oxygen species

After creating an S. Typhimurium katG mutant the katG mutation was moved by P22 phage
transduction into a copA/golT double mutant and a sodC,/sodC,, double mutant. Reduced
catalase activity was confirmed by another member of the laboratory group (K. Muddiman,
private communication). A AsodC/AsodC,/AkatG strain was investigated due to having
reduced reactive oxygen species tolerance to both hydrogen peroxide (AkatG) and
superoxide (AsodC/AsodC,). To identify if catalase makes a significant contribution to
detoxification of oxidative stress, the tolerance of the katG mutant strains toward hydrogen
peroxide, paraquat and xanthine oxidase was tested (figure 3.7). A katG mutant had
increased sensitivity to hydrogen peroxide but the addition of copA/golT or sodC/sodC
mutations did not further reduce hydrogen peroxide tolerance of S. Typhimurium. No
difference was seen between SL1344 and mutant strains for paraquat and xanthine oxidase

generated reactive oxygen species tolerance.
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Figure 3.7 KatG provides S. Typhimurium with protection against hydrogen peroxide but not

paraguat or xanthine oxidase generated reactive oxygen species

Overnight cultures of SL1344 (e), AkatG (O), AcopA/AgolT/AkatG (A) and AsodCyAsodC,/AkatG (X)

were diluted 1/100 into fresh LB and supplemented with (A) hydrogen peroxide, (B) paraquat and

incubated at 37°C for 2 hours, or (C) 5 units xanthine and 25 pM hypoxanthine and incubated at 37°C
at 200 rpm for 2 hours. Bacteria were serially diluted in PBS and quantified by plating onto LB agar by
the method of Miles and Misra and grown at 37°C statically overnight. Data points represent the mean

of three independent repeats performed in triplicate, error bars represent standard error.
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A katG mutant showed reduce tolerance to hydrogen peroxide but not paraquat or xanthine
oxidase, thus the reduced tolerance of S. Typhimurium is consistent with the loss of catalase
activity and increased hydrogen peroxide potency. Catalase functions by detoxifying
hydrogen peroxide into water and oxygen. Xanthine oxidase produces hydrogen peroxide
and superoxide throughout the two hour incubation. Xanthine oxidase produces regular but
low concentrations of approximately 1.6 uM hydrogen peroxide and 0.4 uM superoxide per
two minutes (McCord and Fridovich 1969). Consequently for the duration of the experiment
approximately 96 uM of hydrogen peroxide and 24 uM superoxide were produced. For the
experiment using hydrogen peroxide, the lowest concentration used was 50 pM and thus
was added entirely at the start of the experiment, this was too great a concentration for the
remaining catalase enzymes to detoxify within S. Typhimurium. However, the alternate
catalases, KatN and KatE, appear capable of detoxifying the lower concentration of
hydrogen peroxide produced by xanthine oxidase throughout the 2 hour experiment
duration. No difference in tolerance was seen between SL1344, AkatG, AcopA/AgolT/AkatG
and AsodCyAsodC,/AkatG for paraquat and xanthine oxidase generated reactive oxygen
species. This is consistent with previous data, confirming that AcopA/AgolT does not have
any difference in tolerance to reactive oxygen species than SL1344 and that KatG catalase
activity is not preventing detection of a potential phenotype. The lack of increased killing of
AsodC/AsodC,/AkatG indicates that superoxide produced by paraquat or xanthine oxidase
was detoxified by cytoplasmic superoxide dismutase enzymes (SodA and SodB). Due to the
absence of SodC, and SodC, greater concentrations of superoxide would be expected to

reach the cytosol and consequently expression of both sodA and sodB would increase.

Deletion of copper homeostasis genes did not increase susceptibility to reactive oxygen
species killing. Despite disruptions of the copper homeostatic mechanisms in S.
Typhimurium, increased copper accumulation in AcopA/AgolT, copper does not increase the
potency of reactive oxygen species in the cells. Internalised copper is unable to function as a
redox agent and catalyse the production of hydroxyl radicals, indicating that copper is
retained in a complexed, inaccessible form in S. Typhimurium. Although hydrogen peroxide
toxicity is increased by the presence of copper this was not the case for superoxide
generators paraquat and xanthine oxidase. Analysis of a katG mutation strains identified
increased sensitivity to hydrogen peroxide but not paraquat or xanthine oxidase, consistent
with some loss of catalase activity and retention of superoxide tolerance. The lack of change
in reactive oxygen species tolerance by AcopA/AgolT in the presence or absence of sub-
lethal copper indicates that the reduced survival seen in macrophage intracellular survival

assays does not relate to an increase in reactive oxygen species toxicity.

112



3.3 Reactive nitrogen species

Reactive nitrogen species prevent replication of internalised pathogens enabling the immune
response to become augmented and recruit further lymphocytes to the infection site.
Reactive nitrogen species refer to a larger range of molecules than reactive oxygen species.
The ability of different reactive nitrogen species to modify proteins, lipids and nucleic acid
varies upon the specific reactive nitrogen species. Previously it has been identified that
reactive nitrogen species are capable of liberating bound metals from metalloproteins. This
was identified for the copper binding metallothionine MymT within M. tuberculosis (Gold et
al. 2008). Reactive nitrogen species were investigated to identify if they could increase
copper toxicity toward S. Typhimurium copper homeostatic mutants. If reactive nitrogen
species are capable of liberating bound copper within S. Typhimurium this would be
anticipated to have several detrimental effects for the bacterium.

3.2.1 Copper does not increase the potency of reactive nitrogen species toward S.
Typhimurium

Due to the diverse nature of reactive nitrogen species three reactive nitrogen species
generators were used: ASN, GSNO and NOC5/7, each developing reactive nitrogen species
through a different mechanism. ASN consists of sodium nitrite buffered at an acidic pH that

breaks down into a range of reactive species as shown below:
NO, + H" < HNO,

2HNO; < N,O3 + H,0

N.O3z <> NO + NO,

ASN gives a mixture of reactive nitrogen species and was the least clean reactive nitrogen
species generator utilised. GSNO and NOC5/7 are specialised compounds that differ in
delivery of reactive nitrogen species stress. GSNO is a nitrosylating agent that does not
generate nitric oxide but nitrosylates another ligand transferring an NO' group. NOC5/7
compounds generate nitric oxide directly at specific half life times, NOC-5 has a long half life
time of 93 mins whereas NOC-7 has a short half life time of 10 mins. The reactions of GSNO

and NOC5/7 are summated below.
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RS (thiol ligand) + C1oH1sN40O-;S (GSNO) — RSNO (nitrosylated ligand) + GSH (glutathione)
CsH16N4O2 (NOC-5) — CgH16N3O + NO

C5H14N402 (NOC'7) — C5H14N30 + NO

To determine the effective concentrations to limit growth of S. Typhimurium, titrations were
initially performed with SL1344 in the presence of ASN, GSNO and NOC-5 and NOC-7
(figure 3.8).

Exposure of S. Typhimurium to increasing concentrations of reactive nitrogen species
generators identified levels that inhibited growth of SL1344. For further experiments a
reactive nitrogen species generator concentration of; 5 mM ASN, 5 mM GSNO and 2 mM
NOC5/7 5/7 were utilised as gave a decrease in SL1344 growth. To analyse if copper can
increase toxicity of reactive nitrogen species to S. Typhimurium, a copper titration was
performed with the chosen inhibitory concentrations of reactive nitrogen species (figure 3.9).
No difference in growth was seen between S. Typhimurium viable counts with and without
the presence of reactive nitrogen species generators at increasing copper concentrations.
Hence copper does not appear to increase the potency of reactive nitrogen species towards
S. Typhimurium.
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Figure 3.8 Growth of SL1344 in the presence of increasing concentrations of ASN, GSNO and
NOC5/7 5/7

An overnight culture of SL1344 was diluted 1/1000 into fresh LB media in the presence and absence
of (A) ASN, (B) GSNO and (C) NOC5/7 5/7 and incubated at 37°C for 7 hours. Bacteria were serially
diluted in PBS and quantified by plating onto LB agar by the method of Miles and Misra and grown at
37°C statically overnight. The following day colonies were counted and converted to cfu ml™. Data

points represent the mean of one repeat performed in triplicate, error bars represent standard error.

116



Viable count ml* (x108)

Viable count ml! (x108)

CuSO, concentration (uM)

117

4
3 L
2 -
1 -
O T T T T T
0 100 200 300 400 500 600
CuSO, concentration (uLM)
3 -
0 100 200 300 400 500 600



3

Fn

o

i

x

E 5

e

[

=}

]

(8]

x

Q0

&

5 .
0 T T T

0 200 400 600 800

CuSO, concentration (nM)

Figure 3.9 Copper does not increase the potency of ASN, GSNO or NOC5/7 toward S.

Typhimurium

An overnight culture of SL1344 was diluted 1/1000 into fresh LB media in the presence of increasing
concentrations of CuSQOy,, with (O0) and without (®) the presence of (A) 5 mM ASN, (B) 5 mM GSNO

and (C) 2 mM NOC5/7 and incubated at 37°C for 7 hours. Bacteria were serially diluted in PBS and
guantified by plating onto LB agar by the method of Miles and Misra and grown at 37°C statically
overnight. Data points represent the mean of three independent repeats performed in triplicate, error

bars represent standard error.
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3.3.2 A copA/golT double mutant of S. Typhimurium has reduced tolerance to reactive

nitrogen species

Although copper does not increase the potency of reactive nitrogen species to S.
Typhimurium, reactive nitrogen species are known to liberate copper from metalloproteins
(Gold et al. 2008). Hence, copper homeostatic mutants of S. Typhimurium may have
reduced tolerance to reactive nitrogen species. To test this hypothesis the tolerance of
copper homeostasis mutants to reactive nitrogen species was investigated. If copper is
being liberated from bound ligands within S. Typhimurium, reduced growth of a copper

homeostasis would be expected.

SL1344, AcopA/AgolT, AcopA/AgolT/Ahmp and Ahmp were grown in the presence of LB,
ASN, GSNO and NOC5/7 (figures 3.10). A S. Typhimurium 14028 Ahmp mutant, which
encodes a flavohaemoglobin that detoxifies reactive nitrogen species, was received from
Professor Roberts Poole's research group and transferred by P22 phage transduction
intoSL1344 and AcopA/AgolT to obtain a AcopA/Agol T/Ahmp triple mutant. In the presence
of nitric oxide under aerobic conditions a hmp mutant should have inhibited growth and is
utilised in these experiments as a positive control to indicate that a nitric oxide stress is
present. Also to assay the presence of nitrite within the culture an equal volume of culture
and Griess reagent were added together, which upon the presence of nitrite produces a
colorimetric change. Griess reagent revealed the presence of nitrite within all cultures when
supplemented with a reactive nitrogen species donor (data not shown) indicating that a
mixture of reactive nitrogen species are produced during the experiment. The hmp mutant
grew poorly under the stress of all of the reactive nitrogen species generators confirming
reactive nitrogen species are produced by ASN, GSNO and NOC5/7. The copA/golT double
mutant had significantly reduced growth in comparison to SL1344 for all reactive nitrogen
species generators (p <0.05). The addition of a hmp mutation to a copA/golT double mutant
gave an additive effect, with AcopA/AgolT/Ahmp having reduced reactive nitrogen species
tolerance than AcopA/AgolT. This suggests that reactive nitrogen species may be liberating
bound copper within S. Typhimurium which SL1344 has the necessary copper detoxification
mechanisms to remove copper stress that a copA/golT double mutant cannot. Alternatively
copper export by CopA and GolT is part of the defence system against reactive nitrogen
species. It is known that Cu** can oxidise nitric oxide forming a nitrosonium cation, which
can react with thiol amines to form S-nitrothiols; alternatively Cu* can reduce S-nitrothiols to
release nitric oxide (Stamler et al. 1992, Singh et al. 1996). Thus, copper can potentially
drive reactive nitrogen species cycling between nitric oxide and nitrosonium ions, increasing

the potency of reactive nitrogen species.
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Figure 3.10 AcopA/AgolT has reduced tolerance to reactive nitrogen species

Overnight cultures of SL1344, AcopA/AgolT, Ahmp and AcopA/AgolT/Ahmp were diluted 1/1000 into
fresh LB (ASN LB buffered at pH 5.5) and supplemented with various concentrations reactive nitrogen
species generators: ASN, GSNO and NOC5/7 5/7 and incubated at 37°C for 7 hours. Bacteria were
serially diluted in PBS and quantified by plating onto LB agar by the method of Miles and Misra and
grown at 37°C statically overnight. Data points represent the mean of three independent repeats

performed in triplicate, error bars represent standard error.
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To confirm the reduced growth of a copA/golT double mutant to that of SL1344 in the
presence of reactive nitrogen species a growth curve assay was performed in the presence
of ASN (figure 3.11). Overnight cultures of SL1344, AcopA/AgolT and Ahmp were diluted
1/1000 into fresh LB in the presence and absence of 5 mM ASN (figure 3.11). SL1344,
AcopA/AgolT and Ahmp all grew to a similar ODgqo Value when grown in LB, reaching
stationary phase by 7 hours. In the presence of ASN growth of Ahmp and AcopA/AgolT were
inhibited. SL1344 reached a final ODgg 0f 2.12 (+0.05), AcopA/AgolT to an ODgy Of 1.85
(x0.03) and Ahmp to an ODggo Of 1.18 (+0.20). This confirmed that in the presence of
reactive nitrogen species AcopA/AgolT has reduced growth compared to SL1344.

Both CopA and GolT are functionally redundant capable of replacing each other when either
is absent or not functional. A copper sensitive phenotype is only seen when a double
mutation of both copA and golT is present. To check whether copA or golIT single mutants
exhibit reduced tolerance to reactive nitrogen species, tolerance assays were performed
using all three reactive nitrogen species generators as previously described (figure 3.12). No
difference was seen between SL1344 AcopA and AgolT for all reactive nitrogen species
generators whilst AcopA/AgolT consistently grew significantly lower. This supported the
hypothesis that reactive nitrogen species is liberating copper within S. Typhimurium as a
AcopA or AgolT does not have any difference in copper homeostasis to SL1344.
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Figure 3.11 AcopA/AgolT has reduced growth in the presence of ASN

ODggo readings for overnight cultures of SL1344 (¢), AcopA/AgolT (m) and Ahmp (A) diluted 1/100
into fresh LB media buffered at pH 5.5 (A) or supplemented with 5 mM ASN (B) and incubated at
37°C 200 rpm for 7 hours. Data points represent the mean of one repeat performed in triplicate, error

bars represent standard error.
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Figure 3.12 An S. Typhimurium copA/golT double mutant has reduced growth in the presence
of ASN, GSNO and NOC5/7 5/7, but not copA or golT single mutant

Overnight cultures of SL1344, AcopA/AgolT, AcopA and AgolT were diluted 1/1000 into fresh LB
media in the presence of: (A) 5 mM ASN (LB buffered to pH 5.5), (B) 5 mM GSNO and (C) 2 mM
NOCS5/7 then incubated at 37°C for 7 hours. Bacteria were serially diluted in PBS and quantified by
plating onto LB agar by the method of Miles and Misra and grown at 37°C statically overnight. The
following day colonies were counted and converted to cfu ml™. Data points represent the mean of

three independent repeats performed in triplicate, error bars represent standard error.
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3.3.3 GSNO and NOC5/7 5/7 induce the expression of copA or golT in S. Typhimurium

If reactive nitrogen species are liberating copper from metalloproteins within S. Typhimurium
then it is anticipated that this would be detected by the copper-responsive transcription
regulator CueR and GolS leading to elevated expression of the cue and gol copper
resistance systems. The lack of copper export ability in a copA/golT double mutant would
lead to increased sensitivity to reactive nitrogen species. Expression from the copA and golT
promoters can be used to monitor cytosolic copper levels within S. Typhimurium (Osman et
al. 2010) and hence identify if reactive nitrogen species are liberating complexed copper
(figures 3.13 and 3.14). The expression of copA and golT were monitored by [3-
galactosidase assays in the presence of GSNO and NOCS5/7. If copper is liberated by the
reactive nitrogen species generators then expression of copA and golT would be expected to
be seen. Constructs containing the promoter region of copA and golT had been cloned into
the multicopy plasmid pRS415 containing a lacZ gene encoding a B-galactosidase enzyme.
The constructs were made previously within the laboratory group and were sequenced to
confirm the correct identity (Osman et al. 2010). B-galactosidase assays were attempted
with ASN but the buffered acidic pH of 5.5 activated expression of lacZ and gave false
positive results (data not shown), consequently copA and golT expression could not be
monitored for ASN. A slight induction was seen for either copA or golT when exposed to
either GSNO or NOC5/7. A positive control of 100 uM CuSO,4 was used and gave an 8 fold
induction for expression of both copA and golT confirming the promoters are responsive to
copper (not shown). This hints that copper may be liberated from bound complexes by
GSNO and NOC5/7.
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Figure 3.13 GSNO and NOC5/7 induce expression of copA in SL1344

B-galactosidase activity of SL1344 containing pRScopA grown in the presence/absence of (A) GSNO
and (B) NOC5/7. An overnight culture of SL1344 containing pRScopA was diluted 1/100 into fresh LB
containing ampicillin and incubated at 37°C 200 rpm until an ODgg 0.3 was reached and used in 3-
galactosidase assays. Data points represent the mean of three independent repeats performed in

triplicate, error bars represent standard error.
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Figure 3.14 GSNO and NOC5/7 induce expression of golT in SL1344

B-galactosidase activity of SL1344 containing pRSgolT grown in the presence/absence of (A) GSNO
and (B) NOC5/7. An overnight culture of SL1344 containing pRSgolT was diluted 1/100 into fresh LB
containing ampicillin and incubated at 37°C 200 rpm until an ODgg, 0.3 was reached and used in 3-
galactosidase assays. Data points represent the mean of three independent repeats performed in

triplicate, error bars represent standard error.
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The slight induction of copA and golT by both GSNO (1.36 + 1.25) and NOC5/7 (1.59 + 1.40)
suggests copper could be liberated by reactive nitrogen species. This observation suggests
a role for CopA and GolT in reactive nitrogen species defence. The induction of copA and
golT supports previous data (figure 3.10) that a copA/golT double mutant has decreased
replication in the presence of ASN, GSNO and NOC.

3.4 A copA/golT double mutant has no difference in peroxynitrite killing to
SL1344

Having investigated the roles of reactive oxygen species and reactive nitrogen species the
final reactive species peroxynitrite was investigated. Peroxynitrite is the combination of nitric

oxide and superoxide as shown below.
0O, + NO' - ONOO’

Peroxynitrite has both oxidising and nitrosation effects on bacterial pathogens.
Tetramethylammonium peroxynitrite was purchased from Sigma-Aldrich that readily
decomposes releasing peroxynitrite. To determine the effective concentrations of
peroxynitrite to kill S. Typhimurium, titrations were initially performed with SL1344 (figure
3.15). At a concentration of 2 mM peroxynitrite an SL1344 viable count of 1.69x10’ bacteria
survived in comparison to 3.67x10’ incubated in LB broth without peroxynitrite. Subsequent

experiments performed were therefore performed with 2 mM peroxynitrite concentration.

Peroxynitrite killing of S. Typhimurium in the presence of copper was investigated to identify
if copper could influence peroxynitrite potency and if copper homeostasis mutants have
reduced tolerance to peroxynitrite (figure 3.16). No difference in peroxynitrite tolerance was
seen in the presence or absence of copper. This indicates that copper does not increase the
potency of peroxynitrite to S. Typhimurium. No difference of the copper homeostasis mutant,
hmp mutant or SL1344 to peroxynitrite was observed in the presence or absence of copper.
This identified that peroxynitrite does not give a strong reactive nitrogen species response
due to Ahmp and AcopA/AgolT/Ahmp having a similar viable count to that of SL1344 and
AcopA/AgolT. As seen with reactive oxygen species experiments, cellular copper levels do
not affect peroxynitrite killing due to AcopA/AgolT having a similar survival to SL1344. These

findings suggest that peroxynitrite toxicity is not influenced by the presence of copper.

An alternate method to produce peroxynitrite was performed, superoxide and nitric oxide can

form peroxynitrite, as shown below.
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NO + O, - ONOO

Hence, further analysis the tolerance of SL1344 and copper homeostatic mutants to
peroxynitrite was performed by incubating S. Typhimurium in the presence of 50 uM
hydrogen peroxide and 5 mM ASN (figure 3.17). The combined stress of hydrogen peroxide
and ASN yielded no difference in the survival between copper homeostasis and reactive
nitrogen species homeostasis mutants compared to SL1344. The addition of ASN to
hydrogen peroxide gave no difference in the survival of the various strains compared to
hydrogen peroxide exposure alone. No phenotype was seen as previously of a copA/golT
double mutant and hmp mutant, when exposed to ASN alone (figure 3.10). Indeed, the
sensitivity to reactive nitrogen species is a difference in growth between the strains, whereas
the addition of hydrogen peroxide induces killing of S. Typhimurium, preventing a reactive

nitrogen species mediated phenotype.
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Figure 3.15 Tolerance of SL1344 to increasing concentrations of peroxynitrite

An overnight culture of SL1344 was diluted 1/100 into fresh LB and incubated at 37°C for 2 hours with
varying concentrations of peroxynitrite. Bacteria were serially diluted in PBS and quantified by plating
onto LB agar by the method of Miles and Misra and grown at 37°C statically overnight. Data points

represent the mean of one repeat performed in triplicate, error bars represent standard error.
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Figure 3.16 Copper does not increase peroxynitrite toxicity toward S. Typhimurium,

AcopA/AgolT and Ahmp show similar tolerance to peroxynitrite as SL1344

Overnight cultures of SL1344 (black bars), AcopA/AgolT (white bars), Ahmp (striped bars) and
AcopA/Agol T/Ahmp (grey bars) were diluted 1/100 into fresh LB and incubated at 37°C for 2 hours
with 2 mM peroxynitrite with and without 0.25 mM CuSO,. Bacteria were serially diluted in PBS and
quantified by plating onto LB agar by the method of Miles and Misra and grown at 37°C statically
overnight. Data points represent the mean of three independent repeats performed in triplicate, error

bars represent standard error.
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Figure 3.17 S. Typhimurium AcopA/AgolT or Ahmp mutants have similar tolerance to SL1344 in
the combined stress of H,0O, and ASN

Overnight cultures of SL1344 (black bars), AcopA/AgolT (white bars), Ahmp (striped bars) and
AcopA/Agol T/Ahmp (grey bars) were diluted 1/100 into fresh LB and incubated at 37°C for 2 hours
with 5 mM ASN and 50 uM H,0, as indicated. Bacteria were serially diluted in PBS and quantified by
plating onto LB agar by the method of Miles and Misra and grown at 37°C statically overnight. Data
points represent the mean of three independent repeats performed in triplicate, error bars represent
standard error.
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3.5 Discussion

3.5.1 Free copper enhances the toxicity of hydrogen peroxide towards S.
Typhimurium

Data obtained confirmed previous reports that copper is able to increase the toxicity of
hydrogen peroxide towards bacteria through Fenton chemistry (Aust et al. 1985, White et al.
2009). The addition of 1 mM copper sulphate to 50 uM hydrogen peroxide gave an increase
in killing of one log than addition of hydrogen peroxide alone (figure 3.1). Copper is capable
of undergoing redox reactions by accepting and donating electrons to oxygen based
molecules resulting in the formation of hydroxyl radicals that can damage DNA, protein and
lipids. The presence of copper increases the conversion of hydrogen peroxide into hydroxyl
radicals. No difference in susceptibility to hydrogen peroxide mediated killing was observed
between SL1344 and AcopA/AgolT. AcopA/AgolT has been identified to accumulate
approximately 25 fold more copper than SL1344 when grown in media supplemented with
copper (Osman et al. 2010). Despite AcopA/AgolT having significantly greater internal
copper levels than SL1344, AcopA/AgolT must therefore be capable of complexing its
internal copper, such that it is unable to partake within redox reactions that generate
hydroxyl radicals.

The ability of copper to catalyse Fenton chemistry significant increases reactive oxygen
species damage. White et al. (2009) identified that physiological concentrations of hydrogen
peroxide and copper present within a macrophage phagosome are toxic to E. coli, and
mutation of the copper exporter, copA, had increased killing. This suggests that copper
homeostasis is important for E. coli intracellular infection to avoid Fenton chemistry.
Although, Salmonella copper homeostatic mutant strains do not exhibit decreased tolerance

to reactive oxygen species as seen within E. coli.

3.5.2 Copper does not influence the potency of paraquat and xanthine oxidase

towards S. Typhimurium

Paraquat and xanthine oxidase were investigated as alternate reactive oxygen species
generators to hydrogen peroxide. Paraquat generates superoxide within S. Typhimurium and
xanthine oxidase produces hydrogen peroxide and superoxide outside of S. Typhimurium
(Kelley et al. 2010). The addition of copper to either reactive oxygen species generator did
not give increased killing of S. Typhimurium. Paraquat generates superoxide cycling

between an aqueous and radical state reducing oxygen upon returning to its aqueous state
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as shown in section 3.1.3. Copper could potentially aid the conversion of paraquat into its
radical state by donating electrons that paraquat typically receives from NADPH (Hassan
and Fridovich 1979). However, as shown by the inability of copper to catalyse Fenton
chemistry within Salmonella, internalised copper is unable to participate in chemical
reactions. Therefore, it is expected that copper is unable to increase the potency of
paraquat. It has been reported that copper potentiates paraquat killing within E. coli (Kohen
and Chevion 1985). S. Typhimurium and E. coli are closely related organisms but have
different copper and reactive oxygen species detoxification systems. S. Typhimurium
possess four superoxide dismutase enzymes; two Cu, Zn Sod's within the periplasm and an
Fe and Mn Sod enzyme in the cytosol. E. coli also has an Fe and Mn Sod within the cytosol
but only one Cu, Zn Sod within the periplasm. The lack of another periplasmic Sod may
leave E. coli more susceptible to superoxide toxicity than S. Typhimurium. As suggested in
White et al. (2009) internalised copper within E. coli is able to participate in Fenton chemistry
and could also interact with paraquat increasing its potency, which seems not to occur in
Salmonella. No difference in paraquat killing was seen across Salmonella copper
homeostasis mutants (figure 3.4). Having previously identified that copper does not
potentiate paraquat toxicity in S. Typhimurium it was expected that copper homeostasis
mutants have the same level of killing as SL1344. This is consistent with previous reports
that S. Typhimurium copper homeostasis mutants are not more susceptible to reactive

oxygen species (Osman et al. 2010, Vollmecke et al. 2012).

Copper also did not increase the toxicity of reactive oxygen species produced by xanthine
oxidase towards S. Typhimurium. Xanthine oxidase converts hypoxanthine and xanthine into
hydrogen peroxide and superoxide, as shown in section 3.1.4. Copper is known to catalyse
the formation of hydroxyl radicals by Fenton chemistry potentiating the toxicity of hydrogen
peroxide and copper as seen in figure 3.1. Xanthine oxidase produces low levels of
hydrogen peroxide and superoxide approximately 1.6 pM and 0.4 uM per 2 min, respectively
(McCord and Fridovich 1969). The addition of copper did not give increased killing by
xanthine oxidase possibly due to only a low concentration of hydrogen peroxide present at
any given time during the experiment. The smaller quantity of hydrogen peroxide may
receive an adequate source of electrons to promote Fenton chemistry from NADPH and
leakage from the electron transport chain and therefore not require copper to catalyse
Fenton chemistry. Initially when exposed to xanthine oxidase and hypoxanthine S.
Typhimurium is exposed to approximately 1.6 uM hydrogen peroxide within the first 2 mins
of the experiment; whereas upon addition of hydrogen peroxide S. Typhimurium is exposed
to 100 uM hydrogen peroxide. Electron leakage from the electron transport chain may

supply enough electrons to catalyse Fenton chemistry of up to 2 uM hydrogen peroxide per

134



min, but this would not be sufficient to catalyse 100 uM hydrogen peroxide. The addition of
copper provides an alternate reducing agent that converts a larger proportion of the 100 uM
hydrogen peroxide into hydroxyl radicals, which is potentially why the addition of copper to
hydrogen peroxide increasing its potency but addition of copper to xanthine oxidase has no

effect.

3.5.3 A catalase mutant has increased sensitivity to hydrogen peroxide but not

paraquat and xanthine oxidase

Reactive oxygen species tolerance of a AkatG, catalase mutant was investigated. AkatG
had reduced tolerance to hydrogen peroxide, having an approximate 2.5 fold decrease in
survival at 0.1 mM hydrogen peroxide compared to SL1344. AkatG had no difference to
SL1344 for paraquat or xanthine oxidase generated reactive oxygen species tolerance.
Catalase converts hydrogen peroxide into water and oxygen and has a remarkably high rate
of reaction and does not become saturated in the presence of hydrogen peroxide (Lledias et
al. 1998). The sensitivity of a katG mutant confirms the importance of catalase for detoxifying
hydrogen peroxide within S. Typhimurium (section 3.1.5). KatG is one of three catalase
enzymes that degrade hydrogen peroxide within Salmonella; KatE and KatN are the two
other catalase enzymes that are located in the cytosol. Other enzymes such as glutathione
peroxidase (ButE) and two alkyl hydroperoxide reductases (AphC and TsaA) are capable of
detoxifying hydrogen peroxide (Morgan et al. 1986, Hebrard et al. 2009). Hebrard et al.
(2009) reported to only see sensitivity to hydrogen peroxide in a S. Typhimurium
katE/katG/katN triple mutant. On these findings we propose that catalase enzymes do not
functionally replace an individual catalase mutant, and that removal of each catalase may
lower the overall tolerance to hydrogen peroxide incrementally, such that a strain such as
AkatE/AkatG/AkatN is highly susceptible to hydrogen peroxide mediated killing. KatG is the
only known periplasmic hydrogen peroxide detoxification enzyme with: Katg, KatN, AphC,
TsaA and BtuE located within the cytosol. The decrease in tolerance to hydrogen peroxide of
a katG mutant compared to SL1344 may be due to reactive oxygen species damage to the

outer membrane that is typically prevented by KatG activity.

Paraquat generates superoxide which catalase cannot detoxify but is detoxified by
superoxide dismutase enzymes. The presence of superoxide would therefore result in an
increased presence of hydrogen peroxide converted by superoxide dismutase enzymes. No
difference in AkatG and SL1344 paraquat tolerance indicates that remaining hydrogen
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peroxide detoxifying enzymes are capable of removing superoxide dismutase converted
hydrogen peroxide. As previously stated, xanthine oxidase produces a low level of hydrogen
peroxide and superoxide continuously throughout the experiment. This level is not a
sufficient concentration to have an antimicrobial effect on a katG mutant due to the presence

of the alternate hydrogen peroxide and superoxide detoxifying enzymes.

A katG mutation was investigated in combination with a copA/golT double mutation.
Catalase inhibits Fenton chemistry by removing hydrogen peroxide, the removal of KatG will
result in a greater proportion of hydrogen peroxide reaching the cytosol, which in a
copA/golT double mutant has a high copper quota. No difference in reactive oxygen species
tolerance was observed between: AkatG, AcopA/AgolT/AkatG and AsodCy/AsodC,/AkatG.
AcopA/AgolT/AkatG had no difference in hydrogen peroxide tolerance to AkatG, confirming
previous data (section 3.2.4) that internalised copper does not interact with hydrogen
peroxide. This study confirmed previous work on S. Typhimurium that identified a
sodC/sodC, double mutant does not have increased sensitivity to reactive oxygen species,
with AsodC/AsodC,/AkatG and AkatG having a similar hydrogen peroxide tolerance (Osman
et al. 2010, Craig and Slauch 2009). Salmonella contains two cytoplasmic superoxide
dismutase enzymes, SodA and SodB, which are likely detoxifying superoxide produced by
paraquat and xanthine oxidase. An overview of the reactive oxygen species detoxification

system within S. Typhimurium is shown in figure 3.18.
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Periplasm

Figure 3.18 Reactive oxygen species detoxification mechanisms of S. Typhimurium

Hydrogen peroxide (H,O,) present in the external environment or formed by the breakdown of
hypoxanthine (HX) by xanthine oxidase (XO) and can passively diffuse into the periplasm and cytosol.
In the periplasm hydrogen peroxide can be converted into oxygen (O,) and water (H,O) by the
periplasmic catalase, KatG. Cytoplasmic hydrogen peroxide can be converted into oxygen and water
by several enzymes: two catalases KatN and KatE, two alkyl hydroperoxide reductases AphC and
TsaA and glutathione peroxidase BuUtE. Alternatively, hydrogen peroxide can undergo Fenton
chemistry in the presence of a redox capable metal such as copper, generating highly toxic hydroxyl
radicals (OH). Superoxide is generated extracellularly by the breakdown of hypoxanthine by xanthine
oxidase and enters the periplasm through porins present in the outer membrane. In the periplasm
superoxide can be detoxified by two superoxide dismutase enzymes, SodC,and SodC, into oxygen.
Superoxide can be formed from the leakage of electrons from NADPH and is estimated to account for
1-3% of electron transport by NADPH. It is currently unknown how superoxide enters the cytosol.
Superoxide can also be formed within the cytosol by the cycling of paraquat (PQ), which can freely
diffuse into the cytoplasm from the external environment. Paraquat receives electrons from NADPH
and forms a paraquat radical (PQ) that reforms paraquat by reducing oxygen into superoxide.
Superoxide is detoxified in the cytoplasm by two superoxide dismutase enzymes, SodA and SodB

into hydrogen peroxide.
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3.5.4 Copper does not potentiate the toxicity of reactive nitrogen species towards S.
Typhimurium

Gold et al. (2008) identified that reactive nitrogen species can liberate copper from a bound
metallothionine within M. tuberculosis which led to the question; could reactive nitrogen
species liberate copper within S. Typhimurium? Three reactive nitrogen species generators
were selected to give a range of reactive nitrogen species. ASN gives a mixture of reactive
nitrogen species, GSNO is a nitrosylating agent that directly adds a nitryl group to amines
and NOCH5/7 releases nitric oxide at regular timings. Reactive nitrogen species are known to
target multiple macromolecules within a bacterium, including similar targets to copper such

as iron-sulphur clusters (Copper 1999).

No difference was seen in the tolerance of SL1344 to copper in the presence and absence
of sub-lethal concentrations of reactive nitrogen species ASN, GSNO and NOC5/7. This
indicates that reactive nitrogen species and copper do not exaggerate the toxicity of each
other as seen within Fenton chemistry between hydrogen peroxide and copper. It has been
identified that copper is capable of increasing the rate of GSNO mediated nitrosylation
(Gorren et al. 1996). Although, GSNO is not a stable compound, it has a half life of
approximately 15 mins which is reduced by >4°C, light and the presence of metals.
Therefore the addition of copper to GSNO may have had little impact increasing the rate of
GSNO mediated nitrosylation.

Djoko et al. (2012) identified that a N. gonorrhoeae copA mutant has increased susceptibility
to reactive nitrogen species in the presence of copper. It is known that copper can drive
reactive nitrogen species cycling (Stamler et al. 1992, Singh et al. 1996). N. gonorrhoeae
and Salmonella copper homeostasis systems differ, N. gonorrhoeae does not encode a
CueR homologue, with an affinity for less than one free copper atom within a cell (Changela
et al. 2003, Djoko et al. 2012). This suggests that N. gonorrhoeae does not have as tight
regulation of internal copper levels as Salmonella, and is susceptible to reactive nitrogen

species cycling.

3.5.5 A copA/golT double mutant has decreased growth in the presence of reactive

nitrogen species

Osman et al. (2010) reported that a copA/golT double mutant accumulates significantly
greater copper levels than SL1344. The reactive nitrogen species tolerance of AcopA/AgolT

was investigated due to having increased levels of internalised copper, if reactive nitrogen

138



species can liberate copper within S. Typhimurium, AcopA/AgolT has significantly greater
internalised copper that could be released. A copA/golT double mutant had decreased
growth in the presence of all reactive nitrogen species generators. AcopA/AgolT had a
reduction in viable colonies of 1.75, 2.30 and 1.65 fold for ASN, GSNO and NOC5/7,
respectively compared to SL1344. A hmp mutant was utilised as a positive control due to its
sensitivity to nitric oxide and nitrite (Stevanin et al. 2002, Gilberthorpe et al. 2007). Hmp is
the only major mechanism of aerobic reactive nitrogen species detoxification and the
reduced growth of the hmp mutant in the presence of each reactive nitrogen species
confirmed the production of reactive nitrogen species (figure 3.10, Stevanin et al. 2002). To
further investigate the reduced growth of the copA/golT double mutant, single mutants for
copA and golT were also grown in the presence of reactive nitrogen species but did not have
reduced growth as seen for a copA/ golT double mutant (figure 3.12). This suggested that
the reduced growth was a copper mediated phenotype. A copA/golT double mutant is highly
sensitive to copper whereas a copA or golT single mutant has similar copper tolerance to
that of SL1344 (Osman et al. 2010). SL1344, AcopA/AgolT, AcopA and AgolT were
incubated in the presence of ASN, GSNO and NOC5/7 with the addition of a sub-lethal
CuS0O, (10 uM), but no difference was seen to incubation with reactive nitrogen species
donors in the absence of copper (figure 3.12). These data suggests that copper may not
potentiate reactive nitrogen species cycling as seen within N. gonorrhoeae (Djoko et al.
2012).

To analyse if copper was being liberated by reactive nitrogen species copA and golT
expression was monitored through B-galactosidase assays. A slight induction of both copA
and golT of 1.36 and 1.25 fold increase when exposed to GSNO and 1.59 and 1.40 fold
increase when exposed to NOC5/7. The induction of copA and golT by GSNO and NOC5/7
suggests that copper can be released from a complexed state within Salmonella. This
observation has been previously reported within M. tuberculosis by Gold et al. (2008). The
slight induction of copA and golT observed is potentially due to SL1344 having low
intracellular copper levels, hence reactive nitrogen species have a small chance to
interaction with a copper complex. By monitoring copA and golT expression within a
copA/golT double mutant a greater induction may be seen from the increased potential for
reactive nitrogen species to encounter complexed copper due to an greater intracellular

copper load (Osman et al. 2010).

Expression of copA within N. gonorrhoeae is independent of copper levels, and regulated by
the MerR regulator NmIR, which has been reported to provide resistance against nitrosative
stress within N. gonorrhoeae (McEwan et al. 2011, Djoko et al. 2012). Djoko et al. (2012)
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highlighted that tolerance to reactive nitrogen species and copper within N. gonorrhoeae are
closely linked. The reduced growth of a S. Typhimurium copA/golT double mutant exposed
to reactive nitrogen species and the induction of copA and golT by GSNO and NOC5/7
highlights a potential link between copper and reactive nitrogen species tolerance within S.

Typhimurium.

3.5.6 Copper homeostasis mutants and SL1344 have the same tolerance to

peroxynitrite

Peroxynitrite is a potent form of reactive species formed by the combination of superoxide
and nitric oxide. Peroxynitrite has been identified to generate both reactive oxygen species
and reactive nitrogen species mediated damage to bacteria (Bonini et al. 1999). Here,
copper was found to not potentiate peroxynitrite killing of S. Typhimurium. This is consistent
with there being no reported mechanism of copper interacting with peroxynitrite.
Peroxynitrite is readily capable of acting as a nucleophile and does not require undergoing
any redox reactions prior to exhibiting antimicrobial effects. Therefore it was of no surprise to
see the addition of copper to peroxynitrite did not affect S. Typhimurium survival. No
difference in killing was seen between AcopA/AgolT and SL1344 by peroxynitrite.
Peroxynitrite is not known to liberate copper and is not influenced by free or complexed
copper which explains the lack of difference in survival between the two strains. Peroxynitrite
is believed to readily react with CO, forming an intermediate molecule that breaks down to
form carbon trioxide radical and nitrite (Romero et al. 1999). Nitrite can be converted into
nitric oxide but evidently this does not occur under the experimental conditions performed in
this study due to a hmp mutant exhibiting similar growth to wildtype. Hmp detoxifies NO- and
is not capable of modifying nitrite and does not have any difference in survival to SL1344. A
hmp mutant tolerance to peroxynitrite has previously been reported to be similar to wildtype

S. Typhimurium (Stevanin et al. 2002).

3.5.8 Conclusions

Copper internalised within S. Typhimurium is unable to catalyse Fenton chemistry, with
copper homeostasis mutants exhibiting no difference in hydrogen peroxide tolerance to
SL1344. A copA/golT double mutant has decreased growth in the presence of ASN, GSNO
and NOC5/7 in comparison to SL1344, with a copA or golT single mutant exhibiting no
difference to SL1344. Furthermore, expression of copA and golT is induced by GSNO and
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NOCS5/7 indicating reactive nitrogen species can potentially liberate copper from bound
ligands within S. Typhimurium. Hence, it can be suggested that reactive nitrogen species

and copper tolerance systems overlap as seen in previous work with M. tuberculosis and N.

gonorrhoeae.
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Chapter 4

Copper provides an antimicrobial role during Salmonella infection of

macrophages

Salmonella targets macrophages and macrophage like cells to survive within when
systemically infecting a host. To survive within macrophages Salmonella must avoid and
detoxify several antimicrobial threats. The use of copper as an antimicrobial agent by the
immune system is a current area of research. White et al. (2009) identified an increase in
copper uptake and expression of copper transporters CTR1 and ATP-7a in response to
infection of macrophages by E. coli. Osman et al. (2010) identified the presence of copper
within the Salmonella containing vacuole by monitoring copper-responsive expression during
infection and decreased growth of a AcopA/AgolT copper transporter mutant during
infection. Achard et al. (2012) identified that infection of macrophages by S. Typhimurium
also gave an increase in expression of copper transporters CTR1 as well as other proteins
involved in copper handling; and reported copper hot-spots accumulating in intracellular

vesicles around the Salmonella containing vacuole.

It remains unknown what the mechanism of copper supply within the Salmonella containing
vacuole is. As previously stated reactive nitrogen species could liberate copper from bound
ligands within Salmonella. Macrophages could also directly transport copper into the
phagosome, as suggested for ATP-7a, or by the actions of a copper transporter or the fusion

of copper containing vesicles to the Salmonella containing vacuole.

4.1 AcopA/AgolT has reduced growth within macrophages compared to
SL.1344

Initially, to confirm previous findings reported by Osman et al. (2010) competitive infections
were performed by mixing SL1344 and a AcopA/AgolT..cat overnight cultures together at a
1:1 ratio and used to infect Raw 264.7 macrophages at a 10:1 MOI (bacteria :
macrophages). At various time points post infection, infected macrophages were washed
with PBS to remove external bacteria and lysed with 0.9% Triton-X to release intracellular
bacteria. Intracellular bacteria were quantified by serial dilution and plating out onto LB agar
plates with and without chloramphenicol to quantify the number of SL1344 and mutant

bacteria that contain a chloramphenicol resistance cassette. No difference in survival
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between SL1344 and AcopA/AgolT was present at 2, 4 and 8 hours post infection. However,
a difference in replication between the strains was evident at 24 hours post infection. There
were significantly reduced numbers of AcopA/AgolT (0.05 > p) in comparison to SL1344 at
24 hours, with a viable count of 1.73 x 10° compared to SL1344 which had a viable count of
4.91 x 10° a 2.83 fold difference (figure 4.1). This confirms previous work that Salmonella is
exposed to copper within the SCV and the ability to export copper via CopA or GolT provides
a selective advantage to S. Typhimurium in this environment (Osman et al. 2010).

4.2 Activation of Raw 264.7 macrophages using IFN-y to increase their

antimicrobial potency

To further investigate the ability of S. Typhimurium to survive within macrophages,
macrophages were activated within the pro-inflammatory cytokine IFN-y. IFN-y is routinely
utilised to activate macrophages to increase their antimicrobial arsenal against intracellular
pathogens and is an essential cytokine in amplifying a T helper cell 1 immune response
against intracellular pathogens (Gilberthorpe et al. 2007, Herbst et al. 2011). A titration was
performed with increasing concentrations of IFN-y added to macrophages 12-18 hours prior
to incubation with SL1344 at concentrations of 0 U, 500 U and 1000 U mI™* (figure 4.2). In
resting macrophages an increase in SL1344 was detected between 8 and 24 hours (figure
4.1). A drop in SL1344 viability was seen using 500 U and 1000 U IFN-y ml™ activation
between 8 and 24 hours. Treatment with 1000 U IFN-y mI™* gave a greater decrease in
survival of SL1344 at 12 hours post infection than macrophages treated with 500 U IFN-y, a
4 and 2 fold drop in bacterial numbers were obtained, respectively. From this point forward,
pre-treatment with 1000 U mI™* was used to activate macrophages prior to infection
challenge with S. Typhimurium. To confirm that IFN-y activated macrophages, an ELISA
assay was performed to quantify the levels of IL-1B produced (figure 4.2). Macrophages
were pre-treated with and without 1000 U IFN-y mlI™ 12-18 hours prior to incubation with
SL1344. At various time points, post infection, macrophages were washed and lysed by the
addition of 0.9% Triton-X. Macrophage lysate and intracellular bacteria were collected and
pelleted by centrifugation and supernatant was used in an IL-13 ELISA kit to detect IL-1(3
levels within macrophages. Macrophages activated with 1000 U IFN-y mI™* had reduced
levels of IL-1B from 8 hours post infection compared to resting macrophages. The largest
difference was observed at 24 hours post infection, activated macrophages had 414.39 pg
ml™ IL-1B compared to 582.13 pg mi™ IL-1B present within resting macrophages. IL-1B levels

are known to drop in mouse macrophages upon activation (Chujor et al. 1996). The lower

143



levels of IL-1B at 8 and 24 hours and reduced survival of SL1344 at 12 and 24 hours post

infection indicates that macrophages are activated by 1000 U IFN-y mlI™.

4.2.1 AcopA/AgolT has reduced growth within IFN-y activated macrophages compared
to SL1344

To test the affect of activating Raw 264.7 macrophages with IFN-y, competitive infections
were performed with SL1344 and AcopA/AgolT.:cat in IFN-y activated macrophages (figure
4.3). Unlike resting macrophages a drop in survival is seen for both strains at time points
beyond 8 hours post infection, whereas in resting macrophages both strains are able to
replicate 8 hours post infection (figure 4.1). Furthermore, AcopA/AgolT..cat had reduced
survival at 12 and 24 hours post infection compared to SL1344. To further investigate
changes in survival of SL1344 and AcopA/AgolT..cat competitive infections were repeated
with time points included between 12 and 24 hours post infection (figure 4.3B).

The largest difference in survival between SL1344 and AcopA/AgolT.:cat was seen at 24
hours post infection with a 2.9 fold difference. In resting macrophages a 2.8 fold difference
was present between SL1344 and AcopA/AgolT.:cat due to the ability of SL1344 to replicate
with greater ability where as the difference exhibited during infections of activated
macrophages is survival based. This identifies the ability to export copper is important for
bacterial survival in macrophages with and without IFN-y stimulation, indicating that elevated
copper is a feature of both conditions. The addition of IFN-y increases the antimicrobial

arsenal of macrophages as seen by inhibition of growth and killing of S. Typhimurium.

To confirm that loss of both copA and golT is associated with reduced survival in IFN-y
activated macrophage infections, competitive infections were performed with SL1344 against
the single mutant's AcopA.:cat and AgolT.:cat separately (figure 4.5). No difference in
survival was seen between SL1344 and either of AcopA.:cat or AgolT..cat. These data
support the hypothesis that copper is the cause of reduced bacterial growth within
macrophages from 12 hours post infection onwards. AcopA.:cat or AgolT.:cat do not exhibit
reduced copper tolerance due to the functional redundancy between CopA and GolT in
providing copper resistance, This indicated that the reduced viability of AcopA/AgolT.:cat in
macrophages is associated with reduced copper resistance, and subsequent data has

indentified a role for CopA and GolT in supplying copper to SodC, (Osman et al. 2013).
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Figure 4.1 AcopA/AgolT has reduced growth within resting Raw 264.7 macrophages

Competitive infections were performed with SL1344 (black) and AcopA/AgolT..cat (white) stationary
phase bacterial overnight cultures (mixed 1:1) within Raw 264.7 macrophages at an MOI of 10:1
(bacteria : macrophage). At indicated time points macrophages were lysed with 0.9% Triton-X and
intracellular bacteria were serially diluted in PBS and quantified by plating onto LB agar plates with
and without 10 pg mlI™ chloramphenicol to distinguish between SL1344 and AcopA/AgolT.:cat by the
method of Miles and Misra, and grown at 37°C statically overnight. Data points represent the mean of

three independent repeats performed in triplicate, error bars represent standard error.
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Figure 4.2 IFN-y pre-treatment of macrophages prevents replication of S. Typhimurium

(A) Infections of Raw 264.7 macrophages using stationary phase SL1344 overnight culture using an
MOI of 10:1 (bacteria : macrophage). Macrophages were pre-treated with: 0 U mI™* (grey), 500 U mlI™
(white) and 1000 U ml™ (black) IFN-y. At indicated time points macrophages were lysed with 0.9%
Triton-X and intracellular bacteria were serially diluted in PBS and quantified by plating onto LB agar
plates with and without 10 pg mI™ chloramphenicol to distinguish between SL1344 and
AcopA/AgolT..cat by the method of Miles and Misra, and grown at 37°C statically overnight. (B) 1000
U IFN-y mlI™ activated macrophages (black bars) and resting (white bars) were lysed with 0.9% Triton-
X, and IL-18 quantified by an Elisa detection kit. Data points represent the mean of one repeat

performed in triplicate, error bars represent standard error.
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Figure 4.3 A copA/golT double mutant has reduced survival within IFN-y activated Raw 264.7
macrophages between 12 and 24 hours post infection

Competitive infections were performed with SL1344 (black) and AcopA/AgolT..cat (white) stationary
phase bacterial overnight cultures (mixed 1:1) of 1000 U ml™ IFN-y activated Raw 264.7
macrophages at an MOI of 10:1 (bacteria : macrophage). At indicated time points, (A) focus prior to
12 hours, (B) focus after 12 hours, macrophages were lysed with 0.9% Triton-X and intracellular
bacteria was serially diluted in PBS and quantified by plating onto LB agar plates with and without 10
Mg ml™* chloramphenicol to distinguish between SL1344 and AcopA/AgolT.:cat by the method of Miles
and Misra, and grown at 37°C statically overnight. Data points represent the mean of three

independent repeats performed in triplicate, error bars represent standard error.
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Figure 4.4 A copA or golT single mutant has no difference in survival within IFN-y activated

Raw 264.7 macrophages compared to SL1344

Competitive infections of SL1344 (black) and: (A) AcopA.:cat, (B) AgolT.:cat (white) stationary phase
bacterial overnight cultures (mixed 1:1) within Raw 264.7 macrophages at an MOI of 10:1 (bacteria :
macrophage). At indicated time points macrophages were lysed with 0.9% Triton-X and intracellular
bacteria was serially diluted in PBS and quantified by plating onto LB agar plates with and without 10
pg ml™ chloramphenicol to distinguish between SL1344 and AcopA/AgolT.:cat by the method of Miles
and Misra, and grown at 37°C statically overnight. Data points represent the mean of three

independent repeats performed in triplicate, error bars represent standard error.
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4.3 IEN-y activation of macrophages increases the production of nitrite

Reactive nitrogen species production can be estimated from the presence of nitrite within
media containing infected macrophages by the addition to Griess reagent, which contains an
azo-dye that gives a colorimetric change in the presence of nitrite. Previous work by Erikson
et al. (2003) identified that reactive nitrogen species are produced by mouse macrophages

approximately eight hours after infection.

The difference in replication and survival between SL1344 and AcopA/AgolT.:cat following
infection of resting and IFN-y pre-activated macrophages is seen beyond eight hours post
infection, indicating reactive nitrogen species could contribute to the reduced survival of
AcopA/AgolT.:cat. Reactive nitrogen species are capable of liberating copper from bound
ligands in cells and copper mediated growth inhibition and/or killing of S. Typhimurium in
macrophages could be reactive nitrogen species associated. A standard curve was
performed mixing Griess reagent and known concentrations of sodium nitrite together at a
1:1 ratio and measuring the absorbance at 540 nm (figure 4.4). Supernatant was extracted
from competitive infections of SL1344 and AcopA/AgolT..cat between 0 and 24 hours post
infection, and mixed with Griess reagent and absorbance at 540 nm measured. Using the
standard curve, the concentration of nitrite was calculated (figure 4.4). Nitrite was detected
from 12 hours post infection onwards but not before. IFN-y activated macrophages produced
significantly greater levels of nitrite than resting macrophages at 16, 20 and 24 hours post
infection (p<0.05).

When competitive infection data for SL1344 and; AcopA.:cat, AgolT..cat and
AcopA/AgolT.:cat is compared to nitrite production a correlation in timings is seen (figure
4.6). Nitrite is first detected at 12 hours post infection, where AcopA/AgolT.:cat survival is
reduced, and at 24 hours post infection, where the greatest difference in survival between
SL1344 and AcopA/AgolT..cat is detected the greatest concentration of nitrite is recorded,
74 pM.
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Figure 4.5 An increase in nitrate levels occurs between 12 and 24 hours post SL1344 infection

of Raw 264.7 macrophages

Griess reagent was mixed 1:1 with culture to determine nitrite levels. (A) Sodium nitrite dissolved
within DMEM to create a standard curve. (B) Media from infection wells using either pre-activated
IFN-y (black) or resting (white) macrophages prior to lysing with 0.9% Triton-X. Absorbance was

measured at 540 nm. Data points represent the mean of three independent repeats performed in

triplicate, error bars represent standard error.
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Figure 4.6 Reduced survival of AcopA/AgolT within IFN-y pre-activated macrophages

coincides with increased nitrite levels

Competitive index calculated from competitive infections with stationary phase bacterial overnight
cultures of SL1344 versus: AcopA.:cat (black), AgolT.:cat (white) and AcopA/AgolT..cat (stripes)
(mixed 1:1) within IFN-y activated Raw 264.7 macrophages at an MOI of 10:1 (bacteria :
macrophage). At indicated time points macrophages were lysed with 0.9% Triton-X and intracellular
bacteria was serially diluted in PBS and quantified by plating onto LB agar plates with and without 10
Hg ml™ chloramphenicol to distinguish between SL1344 and copper homeostasis mutants containing
a chloramphenicol resistance cassette by the method of Miles and Misra, and grown at 37°C statically
overnight. Griess reagent was mixed 1:1 with culture to determine nitrite levels at specified time points
by measuring absorbance at 540nm (4). Data points represent the mean of three independent repeats

performed in triplicate, error bars represent standard error.
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4.4 Inhibition of INOS does not affect AcopA/AgolT survival within IFN-y

activated macrophages

Having identified nitrite production occurs at the same time that a reduction in survival of
AcopA/AgolT..cat is detected in macrophages, the contribution of INOS activity to bacterial
killing was examined. To test if reactive nitrogen species are responsible for the decreased
viability of a AcopA/AgolT.:cat at 12 hours onwards post infection, INOS was inhibited.
Infections were therefore performed with macrophages treated with L-NMMA, a competitive
inhibitor of INOS, prior to infection. L-NMMA binds to iNOS distorting its active site
preventing nitric oxide production. Initially, to confirm that nitric oxide production by INOS
was inhibited by L-NMMA, a titration of L-NMMA concentrations was added to macrophages
and subsequently infected with SL1344, and media from infection wells was removed and
mixed at a 1:1 ratio with Griess reagent and absorbance at 540 nm measured (figure 4.7).
The increasing concentrations of L-NMMA reduced the level of nitrite detected at 24 hours
post infection. At 5 mM L-NMMA concentration, no nitrite was detected and hence forth 5
mM L-NMMA was utilised to inhibit INOS activity.

An additional control was performed to monitor toxicity of L-NMMA toward S. Typhimurium,
SL1344 and AcopA/AgolT..cat were grown for 24 hours in DMEM supplemented with and
without 5 mM L-NMMA (figure 4.8). No difference was present in the viable counts for either
SL1344 or AcopA/AgolT.:cat for growth in presence of L-NMMA, indicating L-NMMA is not
harmful to S. Typhimurium. Previous work has identified that Raw 264.7 macrophages are
not harmed by L-NMMA (Rosenberger and Finlay 2003, Griffon et al. 1999). Competitive
infections of L-NMMA and IFN-y treated macrophages were performed with SL1344 and
AcopA/AgolT.:cat (figure 4.9). Notably, increased survival of SL1344 was detected in L-
NMMA treated macrophages compared to untreated (compare figure 4.9 to figure 4.3), this
is consistent with reduced killing potential of macrophages upon treated with L-NMMA, as

previous reported by Chakravortty et al. (2002) and Umezawa et al. (1997).

The inhibition of INOS did not reduce the level of killing of AcopA/AgolT.:cat, such that
AcopA/AgolT.:cat still showed reduced survival compared to SL1344. However, a significant
difference (p<0.05) between SL1344 and AcopA/AgolT..cat was present at 12, 16, 20 and 24
hours post infection. In INOS inhibited macrophages, SL1344 grew between 12 and 24
hours post infection where as AcopA/AgolT.:cat was unable to do so. The survival of
AcopA.:cat and AgolT..cat single mutants was also examined in competitive infections with
SL1344 of L-NMMA treated macrophages (figure 4.10B). As with non L-NMMA treated
macrophages, AcopA.:cat and AgolT.:cat showed similar survival to SL1344, whereas the

difference between SL1344 and AcopA/AgolT.:cat is enhanced.
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These data identified that reactive nitrogen species produced by iNOS are not required for
reduced survival of AcopA/AgolT..cat in macrophages. This finding suggests that reactive
nitrogen species are not completely responsible for the release of copper in macrophages
associated with AcopA/AgolT..cat killing. It seems likely that the Salmonella containing
vacuole receives copper directly either by the action of a copper transporter such as ATP-7a

or the fusion of copper containing vesicles.
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Figure 4.7 L-NMMA titration to inhibit the production of nitrite by Raw 264.7 macrophages

Competitive infections of L-NMMA treated Raw 264.7 macrophages by stationary phase SL1344
overnight culture. An MOI of 10:1 (bacteria : macrophage) was utilised. Griess reagent was mixed 1:1
with culture to determine nitrite levels after 24 hours. Data points represent the mean of three

independent repeats performed in triplicate, error bars represent standard error.
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Figure 4.8 L-NMMA does not affect S. Typhimurium viability

SL1344 (black) and AcopA/AgolT.:cat (white) were grown in (A) DMEM and (B) DMEM supplemented
with 5 mM L-NMMA at 37°C were serially diluted in PBS and quantified by plating onto LB agar plates
with and without 10 pg mi™* chloramphenicol to distinguish between SL1344 and AcopA/AgolT.:cat by
the method of Miles and Misra, and grown at 37°C statically overnight. Data points represent the

mean of three independent repeats performed in triplicate, error bars represent standard error.
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Figure 4.9 Inhibition of iINOS does not restore survival of the copA/golT double mutant during

infection of Raw 264.7 macrophages

Competitive infections of (A) SL1344 (black) and AcopA, AgolT.:cat (white) stationary phase bacterial
overnight cultures (mixed 1:1). (B) Competitive index of competitive infections of SL1344 against
AcopA..cat (black), AgolT.:cat (white) and AcopA/AgolT.:cat (grey). Infections were performed within
Raw 264.7 macrophages pre-treated with 1000U mi™ IFN-y and 5 mM L-NMMA at an MOI of 10:1
(bacteria : macrophage). At indicated time points macrophages were lysed with 0.9% Triton-X and
intracellular bacteria was serially diluted in PBS and quantified by plating onto LB agar plates with and
without 10 pg ml™* chloramphenicol to distinguish between SL1344 and copper homeostasis mutants
containing a chloramphenicol resistance cassette by the method of Miles and Misra, and grown at
37°C statically overnight. Data points represent the mean of three independent repeats performed in

triplicate, error bars represent standard error.
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4.5 The addition of BCS to DMEM restores AcopA/AgolT viability to a similar
viability as SL1344

To investigate the direct requirement of copper for the reduced survival of AcopA/AgolT.:cat
during macrophage infection, macrophages were grown in DMEM containing the copper
chelator BCS. Controls to ensure BCS was not harmful to S. Typhimurium and macrophages
were also performed (figure 4.11). SL1344 and AcopA/AgolT..cat were grown in the
presence of BCS up to a concentration of 500 uM for 24 hours and viable counts were
performed to quantify living bacteria. No difference in viable counts was present between
cultures grown in DMEM and cultures grown in DMEM supplemented with 500 uM BCS.
Similarly, macrophages showed similar viability in DMEM and DMEM supplemented with
500 uM BCS. Competitive infections using SL1344 and AcopA/AgolT..cat were performed
using resting, IFN-y activated and L-NMMA pre-treated macrophages in DMEM containing
500 uM BCS (figure 4.12). The addition of BCS to resting, IFN-y activated and L-NMMA pre-
treated macrophages restored the survival of AcopA/AgolT.:cat to a similar level to that of
SL1344. In BCS treated resting macrophages both SL1344 and AcopA/AgolT..cat grew to a
similar viable count. Whereas, in the absence of BCS both SL1344 and AcopA/AgolT..cat
replicated but AcopA/AgolT.:cat replicated significantly less (figure 4.1). Previous infections
with IFN-y activated macrophages gave significantly greater killing of AcopA/AgolT.:cat than
SL1344 (figure 4.3). Whereas, the addition of BCS resulted in both SL1334 and
AcopA/AgolT having reduced killing in IFN-y activated macrophages; and again restored
survival of AcopA/AgolT..cat to a similar level to SL1344. Whilst L-NMMA treatment of
macrophages reduced the bactericidal activity against SL1344, this was not the case for
AcopA/AgolT.:cat (figure 4.9). However treatment with BCS and L-NMMA resulted in
substantial growth of both SL1344 and AcopA/AgolT..cat. The addition of BCS therefore
enables AcopA/AgolT..cat to survive to a similar level as SL1344 and combined with the lack
of reactive nitrogen species both strains of bacteria are able to replicate approximately 12
hours post infection. These data confirmed that macrophages need to uptake copper from
the external environment to provide an antimicrobial copper response to S. Typhimurium.
Taken together these data suggest copper associated killing in macrophages is not
associated with reactive nitrogen species. S. Typhimurium copper export ability does not
confer a selective advantage in BCS treated macrophages, consistent with macrophage

bactericidal activity being directly associated with extracellular copper availability.
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Figure 4.10 BCS does not affect Raw 264.7 macrophage or S. Typhimurium viability

(A) Raw 264.7 macrophages (B) overnight cultures of SL1344 (black) and AcopA/AgolT.:cat (white)
were incubated in the presence of BCS at 37°C for 24 hours. Macrophages were re-suspended and
mixed 1:1 with trypan blue and viability quantified under inspection by microscopy. Bacteria were
serially diluted in PBS plated out onto LB agar with and without 10 pg ml* chloramphenicol to
distinguish between SL1344 and AcopA/AgolT.:cat by the method of Miles and Misra, and grown at
37°C statically overnight. Data points represent the mean of three independent repeats performed in

triplicate, error bars represent standard error.
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Figure 4.11 The addition of BCS to macrophage infections with S. Typhimurium restores
survival of AcopA/AgolT to a similar level to SL-1344.

Competitive infections of SL1344 (black) and: AcopA/AgolT..cat (white) stationary phase bacterial
overnight cultures (mixed 1:1) within (A) resting, (B) IFN-y activated and (C) L-NMMA treated, Raw
264.7 macrophages grown in the presence of 500 pM BCS and added at an MOI of 10:1 (bacteria :
macrophage). At indicated time points macrophages were lysed with 0.9% Triton-X and intracellular
bacteria was serially diluted in PBS and quantified by plating onto LB agar plates with and without 10
Mg mi™ chloramphenicol to distinguish between SL1344 and AcopA/AgolT..cat by the method of Miles
and Misra,and grown at 37°C statically overnight. Data points represent the mean of three

independent repeats performed in triplicate, error bars represent standard error.
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4.6 IEN-y and LPS increase copper uptake within Raw 264.7 macrophages

Having identified that macrophages require an external source of copper for bactericidal
activity, the copper quotas of pre-treated macrophages were investigated. Macrophages
were untreated and treated with; IFN-y, LPS, L-NMMA and BCS (figure 4.13). Resting
macrophages had a copper quota of 12.48 (+0.59) x10° atoms per cell. The pre-treatment of
macrophages with IFN-y and LPS to macrophages increased the macrophage copper quota
slightly, whilst pre-treatment with both LPS and IFN-y raised macrophage copper quota
further to 16.84 (+1.03) x10° atoms per cell. No difference was seen for copper quotas
between IFN-y treated macrophages (14.09 (+0.63) x10° atoms per cell) and macrophages
treated with IFN-y and L-NMMA (13.90 (+1.02) x10° atoms per cell) confirming that L-NMMA
does not influence copper levels within macrophages. Macrophages grown in the presence
of BCS had a significantly lower copper quota of 3.04 (+0.25) x10° atoms per cell.

At 24 hours post infection of a SL1344 and AcopA/AgolT..cat competitive infection a
competitive index of 0.35 (£0.05) was obtained in IFN-y activated macrophages where as in
resting macrophages a competitive index of 0.39 (+0.04) was given. The small increase in
total copper quota for activated macrophages in comparison to resting macrophages
presumably corresponds to the small detectable difference in the competitive index between

resting and IFN-y activated macrophages.

IFN-y activation of macrophages increases the antimicrobial abilities of macrophages but
does not influence a copper mediated antimicrobial response as strongly as other
antimicrobial defences such as reactive oxygen species and reactive nitrogen species. If the
copper mediated response was augmented by IFN-y pre-activation of macrophages a higher
copper quota within macrophages and a lower competitive index for AcopA/AgolT..cat would
be expected in IFN-y treated macrophages compared to resting macrophages. Incubation of
macrophages with BCS significantly lowered the copper quota of macrophages. The low
level of intracellular copper within BCS pre-treated macrophages supports why reduced
growth of AcopA/AgolT..cat was not detected compared to SL1344 within BCS treated
macrophages. Hence, supports a model in which copper export by CopA and GolT provides
a selective advantage for S. Typhimurium in macrophages due to conferring copper

resistance to protect against copper toxicity.

An additional control was performed to confirm the use of BCS within DMEM did not alter the
levels of nitrite measured within DMEM. IFN-y activated and IFN-y + BCS treated
macrophages had similar nitrite levels 62.00 uM (£3.50) and 56.33 uM (+ 3.09) 24 hour post
infection (figure 4.13).
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Figure 4.12 IFN-y and LPS activation of Raw 264.7 macrophages increase the internal levels of

copper

Raw 264.7 macrophages were supplemented with 1000 U IFN-y mi?, 1 ng mlI* LPS, 5 mM L-NMMA
and 500 uM BCS and incubated at 37°C for 48 hours. Macrophages were washed with EDTA and
lysed with nitric acid and intracellular metal levels quantified by ICP—MS analysis relative to number of
atoms per cell. Data points represent the mean of three independent repeats performed in triplicate,

error bars represent standard error.
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Figure 4.13 No significant difference in nitrite levels after BCS treatment of DMEM after IFN-y
activation of Raw 264.7 macrophages

Competitive infections of 1000U ml-1 IFN-y pre-activated (black), 500 uM BCS treated (white) and
5mM L-NMMA treated (grey) Raw 264.7 macrophages by stationary phase SL1344 overnight culture,
An MOI of 10:1 (bacteria : macrophage) was utilised. Griess reagent was mixed 1:1 with culture to
determine nitrite levels after12 and 24 hours. Data points represent the mean of three independent

repeats performed in triplicate, error bars represent standard error.
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4.7 Expression of copA and golT occurs within S. Typhimurium during

infection of IFN-y activated and L-NMMA supplemented macrophages but not

BCS treated macrophages

To further test the requirement of CopA and GolT during macrophage infections gRT-PCR
was performed on S. Typhimurium extracted from macrophages to quantify the levels of
expression of copA and golT. Previous work by Osman et al. (2010) has identified that copA
and golT are both responsive to copper and that copA and golT are induced during S.
Typhimurium intracellular infection of macrophages. Housekeeping genes of rpoD and 16s
rRNA were chosen to compare the change in copA and golT expression against. Control
experiments were performed to ensure that experimental technique was performed correctly
and that data acquired was accurate. SL1344 was grown in DMEM for 24 hours in parallel to
infection experiments and copA and golT expression was monitored (figure 4.14). No
significant fold change in gene expression was seen for copA or golT between 2 and 24
hours growth in DMEM. This indicated that growth in DMEM alone did not significantly alter
the expression of copA or golT. A serial dilution was performed with each real-time PCR
repeat to ensure accuracy of pipetting with genomic DNA (figure 4.15). The increase of the
critical threshold value occurring with a decrease in DNA concentration confirms accuracy of
pipetting. It would be expected that a greater number of PCR cycles are required before a
lower concentration of DNA reaches a specific level of absorbance than a higher starting
DNA concentration. After each real-time PCR cycle finished a melting curve was performed
to analyse that the double stranded DNA (dsDNA) products formed during the PCR (figure
4.16). The melting curve would identify if any non-specific products were formed during the
PCR due to the non-specific nature of SYBR-green dye binding to dsDNA. The presence of
a single peak indicates that there is only one product produced during the PCR and the data

is reliable.

Infections were performed with SL1344 within macrophages treated with IFN-y, IFN-y + L-
NMMA and IFN-y + BCS (figure 4.14). Expression of copA and golT were significantly raised
(p<0.05) in both IFN-y treated and in IFN-y and L-NMMA treated macrophages in
comparison to IFN-y + BCS. Greater levels of expression were seen at 24 hours post
infection than 12 hours post infection and that copA expression levels were higher than that
of golT. Infection of IFN-y activated macrophages at 24 hours post infection gave a copA
gene fold change of 10.25 (£2.95) fold relative to 16s expression and 13.40 (+3.09) fold
relative to rpoD. Expression of golT increased 6.00 (+2.13) fold relative to 16s expression
and 7.09 (x2.29) fold relative to rpoD. Infection of IFN-y and L-NMMA supplemented

macrophages also exhibited increased levels of copA and golT expression with copA again
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having a higher fold increase than golT. Expression of copA increased 9.53 (+1.14) relative
to 16s expression and 9.92 (x2.47) relative to rpoD expression. Expression of golT
increased 7.46 (£3.21) relative to 16s expression and 6.22 (£3.41) relative to rpoD
expression. This indicates that S. Typhimurium is exposed to copper in macrophage
phagosomes even when iNOS activity is inhibited. Infection of BCS treated macrophages
gave a slight increase in copA and golT expression. Expression of copA increased 0.75
(x0.36) fold relative to 16s expression and 0.51 (+0.36) fold relative to rpoD expression.
Expression of golT increased 0.98 (+0.34) fold relative to16s expression and 0.44 (£0.02)
fold relative to rpoD expression. The supplementation of BCS to DMEM significantly reduced
the level of copper S. Typhimurium is exposed to during infections of macrophages and
consequently only a slight increase in copA and golT expression is seen. This confirmed the
requirement of copper in DMEM for a copper antimicrobial response to be mounted against
intracellular S. Typhimurium and the requirement for S. Typhimurium copper export.
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Figure 4.14 No significant change in gene expression of copA or golT in SL1344 grown in
DMEM

An overnight culture of SL1344 was diluted 1/100 in DMEM and grown for 24 hrs at 37°C. Bacteria
was pelleted and RNA protect was added to to re-suspend and perform RNA extraction. RT-PCR was

quantified against 16s and rpoD expression for copA (black) and golT (white). Data points represent

the mean of three independent repeats performed in triplicate, error bars represent standard error.

166



30

25 -

15
0 - T T T T T
0 -1 -2 -3 -4 -5

DNA dilution (10%)

Critcial threshold value

(9]
1

Figure 4.15 Standard curve using genomic DNA as atemplate confirmed accurate pipetting

and increase of critical threshold values during real-time PCR

Genomic DNA was extracted from an overnight culture of SL1344 grown in DMEM and diluted within
H,O. RT-PCR was performed using genomic DNA as a template with 16s primers. Data points
represent the mean of three independent repeats performed in triplicate, error bars represent

standard error.
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Figure 4.16 Melting curve confirms RT-PCR product was specific

Temperature was increased incrementally 0.5°C per second from 55°C until 95°C. SYBR Green dye
was utilised to monitor PCR product formation during Real time PCR, SYBR green binds non-
specifically to dsDNA. The melting curve provides a control to show that the PCR product formed
during real time PCR is of a similar melting temperature consistent with a single product being
analysed during real time PCR. The peaks measured during real time PCR have a melting
temperature of between 87 - 90°C indicative of a single product being formed. If alternate peaks were
measured at differing temperatures it would indicate that the PCR product measured during real time
PCR is not an accurate measure of the gene of interest. Data is a representative of three independent

repeats.
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Figure 4.17 Expression of copA and golT is elevated during SL1344 infections of IFN-y
activated and L-NMMA treated macrophages but not during infection of BCS treated

macrophages

Infections of Raw 264.7 macrophages by stationary phase SL1344 overnight culture using an MOI of
10:1 (bacteria : macrophage). Macrophages were treated with IFN-y alone (A) IFN-y and L-NMMA (B)
and IFN-y and BCS (C). RNA protect was added to infection wells prior to re-suspension and RNA
extraction. RT-PCR was quantified against 16s and rpoD expression for copA (black) and golT (white)
at 12 and 24 hrs. Data points represent the mean of three independent repeats performed in triplicate,

error bars represent standard error.
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4.8 Light microscopy confirms reactive nitrogen species cause elongation of

S. Typhimurium and identifies copper stress also initiates filamentation

Reactive nitrogen species have been reported to cause the filamentation of S. Typhimurium
(Schapiro et al. 2003). The ability of reactive nitrogen species to cause filamentation of S.
Typhimurium was tested with GSNO and NOC5/7. SL1344 and AcopA/AgolT were grown in
the presence of GSNO and NOC5/7 overnight and the overnight culture was visualised
under a light microscope (figure 4.17). Slight elongation was seen by SL1344 and
AcopAlAgolT when treated with GSNO in comparison to SL1344 and AcopA/AgolT grown in
LB media. Sporadic filamentous bacteria were seen in both SL1344 and AcopA/AgolT
bacteria grown in the presence of NOC5/7. This confirmed previous work that reactive
nitrogen species can cause filamentation of S. Typhimurium. No difference in overnight
culture viability of SL1344 and AcopAlAgolT was present between LB media or LB media
supplemented with GSNO or NOC5/7 (data not shown).

The morphology of S. Typhimurium in response to copper was also investigated. Overnight
cultures of SL1344 were grown in the presence of copper and BCS as indicated (figure
4.18). SL1344 was grown in a high copper concentration (7.5 mM), which is slightly inhibitory
to growth, and induces filamentation (figure 4.19). When BCS was added, in addition to
copper overnight cultures filamentation was not seen and viability was restored to a level
similar to an LB overnight culture (figure 4.19). This indicates that copper is capable of

disrupting DNA replication and triggering a filamentous response within S. Typhimurium.
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Figure 4.18 GSNO and NOC cause filamentation of S. Typhimurium

Overnight cultures of SL1344 and AcopA/AgolT were grown in the presence of (A,B) LB media and
with the addition of (C,D) 5 mM GSNO and (E,F) 2 mM NOCS5/7 at 37°C 200 rpm. Overnight cultures
were stained with crystal violet and imaged at x100 oil immersion light microscopy. Data is a

representative of three independent repeats performed in triplicate.
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Figure 4.19 Copper can cause the filamentation of S. Typhimurium

Overnight cultures of SL1344 were grown in the presence of LB (A, B), 7.5 mM CuSO, (C and D),
1.25 mM BCS (E, F) and 7.5 mM CuSO, and 1.25 mM BCS (G, H) at 37°C 200 rpm. Overnight
cultures were stained with crystal violet and imaged at x100 oil immersion light microscopy. Data is a

representative of three independent repeats performed in triplicate.
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Figure 4.20 Copper toxicity toward S. Typhimurium is alleviated by BCS

Overnight cultures of SL1344 were grown in the presence of LB with and without supplementation of
7.5 mM CuSO, and 1.25 mM BCS as stated at 37°C 200 rpm. Bacteria was serially diluted in PBS
and quantified by plating onto LB agar plates by the method of Miles and Misra. Data points represent

the mean of three independent repeats performed in triplicate, error bars represent standard error.
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4.9 Copper can induce the filamentation of S. Typhimurium with the

Salmonella containing vacuole

It has been reported that Salmonella becomes filamentous during infection of macrophages
(Rosenberger et al. 2004). Macrophages were seeded into wells containing sterilised cover
slips and infections were performed, as previous. Macrophages were pre-treated with IFN-y
alone or with, L-NMMA and BCS. At time points coverslips were washed with PBS, fixed with
paramforaldehyde, permeabilised with Triton-X and labelled with anti-O4 serum, anti-goat
antibody and DAPI prior to examination by fluorescence microscopy (figure 4.20).

Filamentous S. Typhimurium were present internalised within IFN-y activated macrophages
confirming previous work that S. Typhimurium can become filamentous during intracellular
infection (Rosenberger et al. 2004, Osman unpublished). Macrophages treated with BCS
had substantially less filamentous S. Typhimurium within IFN-y and IFN-y + L-NMMA treated
macrophages. The number of filamentous bacteria were quantified by counting internal S.
Typhimurium within 100 random selected macrophages per repeat for each separate
treatment. L-NMMA treated macrophages contained filamentous S. Typhimurium at a similar
guantity to that of IFN-y activated macrophages 32.83% (+2.10) compared to 35.50%
(x3.73) respectively. This indicates that other agents are causing filamentation as well as
reactive nitrogen species and that reactive nitrogen species do not initiate a strong
filamentation response within the Salmonella containing vacuole. Macrophages treated with
BCS had significantly reduced numbers of internalised filamentous S. Typhimurium than
IFN-y and IFN-y + L-NMMA treated macrophages, 14.00% (+1.95). This identified that the
copper antimicrobial response within macrophages is a factor contributing towards

filamentation of S. Typhimurium.
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Figure 4.21 S. Typhimurium can become filamentous during infection of Raw 264.7
macrophages treated with IFN-y alone or IFN-y and L-NMMA but reduced filamentation is seen

after IFN-y and BCS treatment of macrophages

An overnight culture of SL1344 was infected into IFN-y, IFN-y and L-NMMA and IFN-y and BCS
treated macrophages at an MOI of 10:1 (bacteria:macrophages). At 24 hrs post infection coverslips
were fixed and labelled with anti-O4 serum (red) and DAPI (blue). Images were visualised under x100

maghnification. Data is a representative of three independent repeats performed in triplicate.
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Figure 4.22 The addition of BCS reduces the number of filamentous intracellular S.

Typhimurium

An overnight culture of SL1344 was used to infect Raw 264.7 macrophages at an MOI of 10:1
(bacteria : macrophage). At each time point macrophages were fixed and permeablised then
incubated with anti-O4 serum washed then incubated with AlexaFluor 555 goat anti-rabbit antibody.
(A) Filamentous bacteria within a random sample of 100 macrophage cells were quantified utilising a
Nicon C1 microscope and (B) expressed as percentage of IFN-y filamentous S. Typhimurium. Data
points represent the mean of three independent repeats performed in triplicate, error bars represent

standard error.
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4.10 Investigating the importance of reactive oxygen species during infections

of macrophages

It was identified by Osman et al. (2013) that CopA and GolT are required to supply copper to
the copper chaperone CueP, which subsequently metallates SodC,. The intracellular
survival of AcopA/AgolT..cat within macrophages could potentially stem from increased
sensitivity to reactive oxygen species and was consequently investigated.

4.10.1 SodC, and SodC, do not contribute to S. Typhimurium virulence during

infection of Raw 264.7 macrophages

Superoxide dismutase enzymes detoxify superoxide and have been reported to aid S.
Typhimurium virulence during intracellular infection of macrophages (Uzzau et al. 2002,
Golubeva and Slauch 2006). The periplasmic Cu, Zn superoxide dismutase enzymes, SodC,
and SodC,, catalyse the conversion of superoxide into hydrogen peroxide. Competitive
infections of IFN-y activated macrophages were performed with SL1344 and AsodCy/AsodC;
.;catto examine the contribution of SodC, and SodC, to infections of Raw 264.7
macrophages under our infection conditions (figure 4.22). No difference in survival was
observed between SL1344 and AsodC/AsodC,.:cat; indicating that either Raw 264.7
macrophages do not produce a strong reactive oxygen species response or that S.
Typhimurium is capable of detoxifying reactive oxygen species through its other two
cytoplasmic superoxide dismutase enzymes, SodA and SodB, such that no phenotype is
detectable. To further test the importance of SodC, and SodC, for infection of macrophages
a quadruple mutant of AcopA/AgolT/AsodCy/AsodC,..cat was created. As previously seen a
AcopA/AgolT.:cat has increased killing compared to SL1344. No difference was seen
between the level of survival between AcopA/AgolT.:cat and
AcopA/AgolT/AsodC/AsodC,..cat further supporting that mutation of sodC, and sodC, does
not affect S. Typhimurium virulence under these infection conditions (figure 4.22). These
data imply that SodC, and SodC, do not provide a role for survival within Raw 264.7
macrophages and the reduced survival of AcopA/AgolT..cat in macrophages is associated

with the loss of copper resistance as opposed to loss of SodC activity.

To further test the role of SodC, and SodC, during infection of macrophages competitive
infections were performed with bone marrow derived macrophages. Bone marrow derived
macrophages provide a stronger antimicrobial response than immortalised cell line
macrophages such as Raw 264.7. Progenitor bone marrow cells were extracted from the leg

bones of C57BL/6 mice and differentiated in the presence of macrophage colony stimulating
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factor. AsodC/AsodC,..cat, AcopA/AgolT..cat and AcopA/AgolT/AsodC/AsodC,..cat were
combined separately with SL1344 and used to infect bone marrow derived macrophages
(figure 4.23).

As observed with Raw 264.7 macrophages all three mutant strains exhibited the same
phenotypes during bone marrow derived competitive infections against SL1344.
AcopA/AgolT had reduced survival at 12 and 24 hours post infection in comparison to
SL1344. AsodCy/AsodC,.:cat exhibited no difference to SL1344 survival.
AcopA/AgolT/AsodC/AsodC,..cat had reduced growth at 12 and 24 hours but no difference
in survival to that of AcopA/AgolT..cat indicating that SodC, and SodC,, do not contribute to
survival of S. Typhimurium under these conditions, whilst the ability to export copper via
CopA and GolT does. Again this is consistent with reduced survival of AcopA/AgolT..cat in
macrophages being associated with a loss of copper resistance and hence increased
vulnerability to elevated copper levels encountered in macrophage phagosomes.
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Figure 4.23 SodC, and SodC, do not influence S. Typhimurium viability during infection of Raw
264.7 macrophages

Competitive infections of SL1344 (black) and: (A) AsodC/AsodC,.:cat, (B) AcopA/AgolT..cat and (C)
AcopA/AgolT/AsodC/AsodC,..cat (white), (mixed 1:1), within IFN-y activated Raw 264.7
macrophages at an MOI of 10:1 (bacteria : macrophage). At indicated time points macrophages were
lysed with 0.9% Triton-X and intracellular bacteria was serially diluted in PBS and quantified by plating
onto LB agar plates with and without 10 ug mi™ chloramphenicol to distinguish between SL1344 and
AcopA/AgolT..cat by the method of Miles and Misra, and grown at 37°C statically overnight. Data

points represent the mean of three independent repeats performed in triplicate, error bars represent
standard error.
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Figure 4.24 CopA and GolT contribute to S. Typhimurium virulence during infections of
C57BL/6 bone marrow derived macrophages but SodC, and SodC, do not

Competitive infections of SL1344 (black) and (A) AcopA/AgolT..cat, (B) AsodCy/AsodC,..cat and (C)
AcopA/AgolT/AsodC/AsodC,..cat (white), (mixed 1:1), within C57BL/6 bone marrow derived
macrophages at an MOI of 10:1 (bacteria : macrophage). At indicated time points macrophages were
lysed with 0.9% Triton-X and intracellular bacteria was serially diluted in PBS and quantified by plating
onto LB agar plates with and without 10 ug mi™ chloramphenicol to distinguish between SL1344 and
AsodCy/AsodC,..cat, AcopA/AgolT..cat and AcopA/AgolT/AsodC/AsodC..cat by the method of Miles
and Misra, and grown at 37°C statically overnight. Data points represent the mean of two independent
repeats performed in triplicate, error bars represent standard error.
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4.10.2 CueP does not influence S. Typhimurium intracellular survival within Raw 264.7
macrophages

CueP has recently been identified as being required for supplying copper to SodC;, (Osman
et al. 2013). Whilst CueP does not appear to contribute to copper resistance of S.
Typhimurium it is possible that CueP provides a mechanism to maintain SodC, activity whilst
preventing deleterious side reactions of copper that may occur during infections due to
copper-binding ability. Hence, the contribution of CueP to S. typhimurim survival in
macrophages was investigated. Competitive infections of IFN-y activated macrophages were
performed with SL1344 and AcueP.:cat (figure 4.24). No difference in survival was present
between SL1344 and AcueP.:cat identifying that CueP does not contribute to S.
Typhimurium virulence during infection of Raw 264.7 macrophages. Furthermore, as CueP
does not contribute to copper-resistance but does have a role in copper trafficking to SodC,,
these data provide further support for the reduced survival of AcopA/AgolT.:cat in
macrophages being associated with the loss if copper resistance.

4.10.3 A katG mutant has similar survival to SL1344 during infection of Raw 264.7
macrophages

White et al. (2009) identified that increased copper with a macrophage could catalyse
Fenton chemistry and increasing killing of intracellular bacteria within macrophages.
However, by detoxifying hydrogen peroxide within the periplasm by the action of KatG,
Fenton chemistry within the cytosol could be reduced. Hence, a katG mutant was
investigated to identify if in its absence increased intracellular killing occurs. To investigate
the importance of the periplasmic catalase KatG during an infection, a katG mutant strain
was created. KatG catalyses the conversion of hydrogen peroxide into water and oxygen
preventing oxidative damage to Salmonella. Competitive infections of IFN-y activated Raw
264.7 macrophages were performed with SL1344 and AkatG.:cat (figure 4.25). No difference
in survival was seen between SL1344 and AkatG.:cat. It is noteworhty that Salmonella
possess two other catalase enzymes (KatEN) that could be functionally replacing KatG and

preventing a detection of a phenotype associated with loss of KatG.

A triple mutant of AsodC/AsodC,/AkatG.:cat was created to investigate if removing both

periplasmic hydrogen peroxide and superoxide detoxification proteins would reduce

Salmonella intracellular survival. Another triple mutant, AcopA/AgolT/AkatG.:cat, was

created to identify if loss of katG in cells with increased cytoplasmic copper levels due to

copA and golT mutation would result in increased Fenton chemistry. Competitive infections
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were performed with SL1344 mixed at a 1:1 ratio with either AsodC/AsodC,/AkatG.:cat or
AcopA/AgolT/AkatG.:cat (figure 4.26). No difference was seen between SL1344 and
AsodC/AsodC,/AkatG.:cat survival. Having previously identified that AsodC/AsodC,; and
AkatG do not exhibit any difference in survival to SL1344 possibly due to the presence of
other enzymes capable of functionally replacing them no difference is seen when they are
mutated within the same strain. The addition of a katG mutation does not alter the phenotype
seen within AcopA/AgolT.:cat of reduced survival at 12 and 24 hours post infection
compared to SL1344. It can be concluded that the mutation of katG alone is not enough to
make S. Typhimurium sensitive to reactive oxygen species stress during infection of Raw
264.7 macrophages.
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Figure 4.25 CueP does not contribute to S. Typhimurium virulence during infection of Raw
264.7 macrophages

Competitive infections of SL1344 (black) and AcueP.:cat (white), (mixed 1:1), within IFN-y activated
Raw 264.7 macrophages at an MOI of 10:1 (bacteria : macrophage). At indicated time points
macrophages were lysed with 0.9% Triton-X and intracellular bacteria was serially diluted in PBS and
quantified by plating onto LB agar plates with and without 10 pg ml™ chloramphenicol to distinguish
between SL1344 and AcueP.:cat by the method of Miles and Misra, and grown at 37°C statically

overnight. Data points represent the mean of three independent repeats performed in triplicate, error
bars represent standard error.
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Figure 4.26 KatG does not affect S. Typhimurium survival in Raw 264.7 macrophages

Competitive infections of SL1344 (black) and (A) AkatG.:cat (white), (B) AsodCl/AsodCll/AkatG..cat
(white), (C) AcopA/AgolT/AkatG.:cat (white) and mixed 1:1 then infected within IFN-y activated Raw
264.7 macrophages at an MOI of 10:1 (bacteria : macrophage). At indicated time points macrophages
were lysed with 0.9% Triton-X and intracellular bacteria was serially diluted in PBS and quantified by
plating onto LB agar plates with and without 10 pg mi™ chloramphenicol to distinguish between
SL1344 and AkatG..cat, AsodCl/AsodCll/AkatG..cat and AcopA/AgolT/AkatG.:cat..cat by the method
of Miles and Misra, and grown at 37°C statically overnight. Data points represent the mean of three
independent repeats performed in triplicate, error bars represent standard error.
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4.11 Discussion

4.11.1 S. Typhimurium is exposed to copper during infection of Raw 264.7
macrophages

Competitive infections of resting Raw 264.7 macrophages identified that AcopA/AgolT.:cat
has reduced growth than SL1344 after 8 hours post infection, confirming previous work by
Osman et al. (2010). Macrophages have been reported to utilise copper as an antimicrobial
agent against intracellular pathogens, White et al. (2009). The double mutation of both copA
and golT renders Salmonella highly susceptible to macrophage killing due to an inability to
export copper from the cytoplasm. To test if S. Typhimurium copper export also provided a
selective advantage in activated macrophages, competitive infections were performed using
macrophages pre-treated with IFN-y (figure 4.3). No replication was seen within IFN-y
activated macrophages for either SL1344 or AcopA/AgolT..cat. Both strains exhibited a drop
in viability over a 24 hour period of infection. Notably, AcopA/AgolT..cat showed a
significantly greater drop in viability than SL1344 after 8 hours post infection. Macrophages
were pre-treated with IFN-y to increase their killing ability against S. Typhimurium than non-
IFN-y treated macrophages (Varesio et al. 1984). Macrophages are known to increase
synthesis of numerous antimicrobial compounds upon activation with IFN-y (Gordon et al.
2005). Activation of macrophages by IFN-y was supported by IL-13 ELISA detection assay
confirming that activated mouse macrophages produce less IL-13 than non-activated, as
previously indentified (Obermeier et al. 1999). The inability of S. Typhimurium to replicate
and the drop in viability, combined with IL-1f levels detected confirmed the activation of
macrophages. No large change was seen between the increased survival of SL1344
compared to AcopA/AgolT..cat for resting and IFN-y activated infections. A 2.8 fold
difference in survival was present between SL1344 and AcopA/AgolT.:cat during infection of
resting macrophages compared to a 2.9 fold difference during infection of IFN-y activated
macrophages. Competitive index values were also similar; 0.39 (+0.04during infections
within resting macrophages and 0.35 (x0.05)) within IFN-y activated macrophages. This
suggests that IFN-y activation does not increase the copper antimicrobial response within
macrophages and requirement of S. Typhimurium to export copper in macrophages is
unaffected by the activation state of macrophages. ICP-MS analysis of macrophages treated
with IFN-y compared to resting macrophages only identified a slight increase in copper
levels of 14.10 (+0.44) x 10° atoms per cell compared to 12.48 (+0.74) x 10° atoms per cell.
The ability of macrophage to prevent replication and begin to kill Salmonella was therefore
not solely due to an increase in copper levels but other antimicrobial agents. Although a

small change in copper quota was seen after activation by IFN-y, IFN-y may alter
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mobilisation of a copper store within macrophages contributing to a copper antimicrobial
response. White et al. (2009) identified an increase in macrophage copper uptake upon
stimulation with either LPS or IFN-y, of which only a small increase in copper accumulation

was seen under this experimental protocol.

To test whether or not the reduced survival of AcopA/AgolT..cat in comparison to SL1344
was associated with loss of both transporters as opposed to one or the other, AcopA.:cat
and AgolT..cat competitive infections using single mutants against SL1344 were performed
within IFN-y activated macrophages. No difference in viability was present for either
AcopA..cat or AgolT.:cat in comparison to SL1344 confirming the requirement for both
copper transporters to be non-functional for reduced survival to be seen, consistent with

known redundancy in function of CopA and GolT (Osman et al. 2010).

4.11.2 Reactive nitrogen species liberating copper from bound ligands within

Salmonellais not the source of copper within the Salmonella containing vacuole

during an infection

The difference in replication and survival between SL1344 and AcopA/AgolT.:cat occurs
after 8 hours post infection. Previous work has identified that approximately after 8 hours
post infection macrophages produce reactive nitrogen species (Eriksson et al. 2003). The
production of nitrite was measured by the addition of DMEM from infection wells to Griess
reagent. Nitrite levels increased from 12 hours post infection onwards, which correlates with
the same time points that reduced survival of AcopA/AgolT..cat is detected. The overlap in
timing of when reactive nitrogen species are produced and the presence of copper within the
Salmonella containing vacuole suggested that reactive nitrogen species may have a role in
the release of copper. Previous experiments have suggested CopA and GolT provide
protection against reactive nitrogen species (figure 3.10), with AcopA/AgolT having reduced
growth in the presence of ASN, GSNO and NOC5/7. It has been identified that copper can
initiate reactive species cycling with Cu® capable of oxidising nitric oxide into a nitrosonium
ion and also releasing a nitrosonium ion from a S-nitrosothiol group (Stamler et al. 1992,
Singh et al. 1996). Therefore reduced survival of AcopA/AgolT.:cat, that contains high levels
of intracellular copper, could be due to loss of reactive nitrogen species tolerance.
Alternatively, Gold et al. (2008) identified that reactive nitrogen species such as nitric oxide
can liberate copper from the metallothionine MymT within M. tuberculosis, which could be
occurring within Salmonella. To examine the contribution of INOS activity and hence reactive

nitrogen species to increased killing of AcopA/AgolT..cat, competitive infections were
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performed in macrophages treated with the competitive inhibitor of INOS (L-NMMA, Gibbs et
al. 1987). Competitive infections within macrophages treated with IFN-y and L-NMMA gave a
significant difference (p<0.05) in survival between SL1344 and AcopA/AgolT.:cat.
AcopA/AgolT.:cat had reduced viability from 12 hours post infection where as SL1344
replicated from 12 hours post infection onwards. This resulted in a larger fold difference
between SL1344 and AcopA/AgolT..cat of 11.06 in comparison to 2.9 for IFN-y activated
macrophages. The killing of AcopA/AgolT..cat and inability to grow confirmed that reactive
nitrogen species are not responsible for the reduced survival of AcopA/AgolT..cat within a
macrophage. The increase in survival of SL1344 confirmed previous work that INOS is
required to produce reactive nitrogen species within macrophages and reactive nitrogen
species inhibiting replication of intracellular pathogens (Vazquez-Torres et al. 2000,
Mastroeni et al. 2000).

Real-time PCR confirmed that even in the presence of L-NMMA expression of copA and
golT was induced consistent with elevated levels of copper within S. typhimurim and a
requirement for copper detoxification. No significant difference was present between the
expression levels of copA and golT in S. typhimurim during infection of macrophages treated
with IFN-y and macrophages treated with both IFN-y and L-NMMA. This corroborated viable
count data that copper levels remain elevated in L-NMMA treated macrophages. ICP-MS
analysis of macrophage copper levels identified no significant difference between L-NMMA
and IFN-y treated macrophages with 13.90 atoms per cell x10° compared to macrophages

treated with IFN-y alone, which had 14.09 atoms per cell x10°.

4.11.3 The copper antimicrobial response within macrophages requires uptake of

copper from the surrounding environment

If copper is not liberated from within Salmonella by reactive nitrogen species then it is likely
to be transported to the Salmonella containing vacuole within the macrophage. Currently
little is known about the storage of copper and the mechanism of distribution within
macrophages. To determine the importance of uptaking copper from the surrounding
environment macrophages were grown within DMEM containing 500 uM of the copper
chelator BCS. BCS is not membrane permeable and binds to copper within DMEM inhibiting
copper uptake by macrophages (Corson et al. 1997). ICP-MS analysis was performed upon
macrophages grown in the presence of BCS and IFN-y. Macrophages grown in BCS and
pre-treated with IFN-y contained 3.04 (+0.17) x 10® atoms per cell compared to 14.10 (+0.44)
x 10° atoms per cell for IFN-y treatment alone. The addition of BCS to DMEM before adding
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to macrophages and activating with IFN-y significantly lowered copper uptake. To test the
effect of depriving macrophages of copper competitive infections were performed.
Competitive infections of SL1344 and AcopA/AgolT..cat within macrophages treated with
BCS and IFN-y gave no difference in viability between the strains. The treatment of BCS to
DMEM increased the survival of AcopA/AgolT..cat indicating that macrophages require an
external source of copper to provide a copper antimicrobial response. Achard et al. (2012)
also reported an increase in intracellular survival of S. Typhimurium during infection of

macrophages treated with BCS.

To confirm that S. Typhimurium was exposed to reduced copper levels within Salmonella
containing vacuole in BCS treated macrophages real-time PCR was performed to monitor
copA and golT expression levels. Real-time PCR for copA and golT expression levels within
SL1344 during macrophage infection treated with BCS and IFN-y revealed significantly lower
induction during an infection of IFN-y activated macrophages. A difference of 9.27 and 12.98
gene fold change relative to 16s and rpoD for copA and 5.02 and 6.65 gene fold change
relative to 16s and rpoD for golT was detected between IFN-y and IFN-y + BCS infections.
This confirmed that macrophages uptake copper from the external environment and
bactericidal activity is directly associated with copper availability. These data correlate with
obtained by Achard et al. (2012) that identified macrophage expression of copper
transporters Ctrl and ATP-7a increase in response to S. Typhimurium infection of

macrophages.

Future work could include infections performed with macrophages that are seeded into
infection wells with DMEM and during an infection the DMEM is replaced with DMEM treated
with BCS. This would identify if copper stores within macrophages are sufficient to Kill
AcopA/AgolT.:cat as occurs within IFN-y activated macrophages. If reduced killing of
AcopA/AgolT.:cat occurs this would suggest macrophages require a source of copper during
an infection. Alternatively macrophages could be grown in DMEM treated with BCS providing
macrophages with minimal copper then during an infection change to DMEM, providing a
supply of copper during Salmonella infection. This would identify if macrophages can utilise

a copper source directly from the environment to provide a copper antimicrobial response.

How Salmonella transports copper into the Salmonella containing vacuole is unknown.
Achard et al. (2012) identified the presence of copper hot-spots upon S. Typhimurium
infection of macrophages 12 hours post infection but they did not associate with the SCV.
The formation of copper hot-spots timing corresponds with the timing of AcopA/AgolT.:cat
reduced intracellular survival. White et al. (2009) first reported the use of copper as an

antimicrobial agent against intracellular E. coli and identified the increased expression of
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ATP-7a upon infection or activation of macrophages with either IFN-y or LPS. White (et al.
2009) suggested the mechanism of copper transport is by ATP-7a binding to the phagosome
and transporting copper from the cytosol into the phagosome. Osman (unpublished) and
Achard et al. (2012) have both identified the increase of abundance for the copper
transporter ATP-7a upon S. Typhimurium infection within a macrophage. Although Osman
(unpublished) did not see an association of ATP-7a with the phagosome suggesting that
ATP-7a does not bind to the Salmonella containing vacuole, co-localisation is seen between
E. coli phagosome and ATP-7a, but E. coli and S. Typhimurium are diverse pathogens. A
copper antimicrobial response is seen within 2 hours post infection against intracellular E.
coli that corresponds within timings of the oxidative burst, whereas a copper antimicrobial
response against intracellular S. Typhimurium is not seen until after 8 hours post infection
(Osman et al. 2010, Achard et al. 2012). Competitive infection of an animal model of SL1344
and AcopA/AgolT..cat results in reduced survival of AcopA/AgolT.:cat; but not in an animal
model that has an ATP-7a deficient macrophage lineage (M. Petris, University of Missouri,
personal communication). This indicates that ATP-7a is involved in supply of copper to the
SCV but has yet to be identified how.

Salmonella inhibits the fusion of numerous antimicrobial agents with the Salmonella
containing vacuole such as NADPH and iNOS to reduce exposure to both reactive oxygen
and reactive nitrogen species (Vazquez-Torres et al. 2000, Chakavortty et al. 2002). It is
possible that Salmonella is inhibiting the binding of ATP-7a to the Salmonella containing
vacuole. Another possibility is that copper is transported within vesicles that fuse with the
Salmonella containing vacuole. This would explain why copper is detected within the
Salmonella containing vacuole but no association of ATP-7a is seen. Further research is
required to identify the movement of copper within macrophages and to identify the

mechanism by which copper is transported within the Salmonella containing vacuole.

4.11.4 Copper can induce filamentation of Salmonella

When Salmonella is exposed to an environmental stress it can induce filamentation,
consequently individual bacteria can measure several um in length. Filamentation typically
occurs when the replication cycle is blocked within a bacterium. It has been reported that
reactive nitrogen species and reactive oxygen species are capable of inducing filamentation
(Schapiro et al. 2003, Rosenberger et al. 2004). Reactive nitrogen species can liberate zinc
from DNA polymerase inhibiting DNA replication during cell division. Also, Richardson et al.

(2012) identified nitric oxide induced-auxotrophy towards methionine, lysine and threonine
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by S. Typhimurium upon exposure. Initially the ability of reactive nitrogen species to induce
filamentation was investigated and confirmed. The reactive nitrogen species donors GSNO
and NOCS5/7 were both able to cause filamentation of overnight cultures of S. Typhimurium
(figure 4.18) and overnight cultures of S. Typhimurium containing 7.5 mM CuSQ, also
exhibited filamentation (figure 4.19). When grown at this concentration of copper, bacterial
growth was slightly inhibited with an overnight culture having a viable count of 4 x 10°
compared to an untreated LB overnight having a viability of 2 x 10°. Copper induced
filamentation of bacteria has not previously been reported, although copper has been
identified to encourage filamentation of the fungi Cryptococcus neoformans that is required
for sexual replication (Lin et al. 2006).

It has been identified that S. Typhimurium can becomes filamentous during infection of
macrophages with a role for reactive oxygen species and nitrogen species cited
(Rosenberger et al. 2004, Osman unpublished). Having identified that copper can induce
filamentation of S. Typhimurium it was investigated to identify if copper contributes to
Salmonella filamentation within a macrophage. Infections were performed and intracellular
S. Typhimurium were visualised by fluorescent microscopy. All macrophages were activated
by pre-treatment with IFN-y then additional supplementation included: no further
supplementation, L-NMMA and BCS. IFN-y activated macrophages, with no additional
supplement resulted in the highest number of filamentous S. Typhimurium per 100
macrophages of 35.5. Henceforth 35.5 was used to calculate the percentage of filamentous
S. Typhimurium from what was typically recorded. L-NMMA treatment was used to identify
the involvement of reactive nitrogen species in causing filamentation. No significant
difference to IFN-y activated macrophages was seen for IFN-y and L-NMMA treated
macrophages, 92.48% of expected filamentous bacteria were seen in the absence of
reactive nitrogen species. Macrophages treated with IFN-y and BCS had significantly
reduced numbers of filamentous bacteria. 39.44% of the expected filamentous bacteria were
seen without the presence of an external copper source for the macrophages to utilise for a
copper antimicrobial response. This identifies that copper can induce filamentation of S.
Typhimurium within macrophages due to the significant difference in Salmonella
filamentation (p<0.05) seen within IFN-y pre-treated and IFN-y and BCS treated
macrophages. This supports that even SL1344 which has a functioning copper homeostatic
system still incurs copper mediated stress within the Salmonella containing vacuole.
Competitive infections with both S. Typhimurium SL1344 and AcopA/AgolT.:cat within IFN-y
and BCS treated macrophages had increased survival. The removal of the copper
antimicrobial response by the addition of BCS aids SL1344 survival also supporting the

notion that SL1344 experiences copper stress within the Salmonella containing vacuole.
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Further work on this area would be to try and pinpoint the aspect of cell division that copper
affects, starting with the SOS response initiator SulA, which is a key protein for initiating
filamentation (Mukherjee et al. 1998). If a reporter construct to monitor expression from the
promoter of sulA was used, promoter activity could be measured to determine whether or not

copper increases transcription of sulA.

4.11.5 AsodCy/AsodC,, AkatG and AcueP do not exhibit any difference in survival to

that of SL1344 during competitive infections of macrophages

Having confirmed the role of copper and reactive nitrogen species during Salmonella
infection of macrophages, work was performed on the importance of reactive oxygen
species detoxifying proteins. Superoxide dismutase enzymes SodC, and SodC, convert
superoxide into hydrogen peroxide. SodC, has been reported to be important for S.
Typhimurium virulence during infection of macrophages (Uzzau et al. 2002). Conflicting
reports for the role of SodC,, during macrophage infection have been reported (Golubeva
and Slauch 2006, Krisnakumar et al. 2004). Osman et al. (2013) reported the requirement of
either CopA or GolT for the transport of copper to CueP that subsequently transfers copper
to SodC,, identifying a link between copper homeostasis and reactive oxygen species

detoxification.

No difference between SL1344 and AsodC/AsodC,.:cat was seen for competitive infections
performed with Raw 264.7 macrophages and bone marrow derived macrophages. It is
unknown why AsodCy/AsodC,.:cat did not exhibit reduced survival within macrophages
based on previous reports. Both mutations were verified by PCR (data not shown).
AsodC/AsodC,..cat exhibited no sensitivity when exposed to reactive oxygen species such
as hydrogen peroxide, paraquat and xanthine oxidase. The lack of sensitivity for
AsodCyAsodC,..catto reactive oxygen species has been reported, Craig and Slauch (2009),
whom also did not see any difference in survival between S. Typhimurium 14028 and
AsodCyAsodC,..cat when exposed to reactive oxygen species. The lack of sensitivity to
reactive oxygen species is possibly due to the presence of two alternate superoxide
dismutase enzymes (SodA, SodB). SodA and SodB provide a more prominent role in
reactive oxygen species detoxification in S. Typhimurium during infection of macrophages
than SodC, and SodC,, a AsodA/AsodB.:cat mutant is avirulent during an animal infection
(Craig and Slauch 2009). Currently no alternate functions have been identified for SodC, and
SodC,, within Salmonella. If AsodC/AsodC,.:catdoes not exhibit sensitivity to reactive

oxygen species it is not expected that AsodC/AsodC,..cat has reduced survival within
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macrophages (Craig and Slauch 2009). A quadruple mutant of copA/golT/sodC/sodC,.:cat
was created to investigate if a phenotype was seen in the presence of excess cytoplasmic
copper and removing supply of copper to SodC;, (Osman et al. 2013). No difference in
survival was seen for AcopA/AgolT/AsodC/AsodC,..cat compared to AcopA/AgolT.:cat.
Hence, a mutation of sodC, and sodC, did not have an effect on survival of S. Typhimurium
within both Raw 264.7 macrophages and bone marrow derived macrophages or in the
presence of high intracellular complexed copper levels.

KatG is a periplasmic catalase that converts hydrogen peroxide into water and oxygen and is
part of the reactive oxygen species detoxification system of Salmonella. Hydrogen peroxide
is formed by superoxide dismutase enzymes and spontaneous production from electron
leakage within the electron transport chain reducing water (Gonzalez-Flecha and Demple
1995). KatG is the only known periplasmic hydrogen peroxide degrading enzyme in
Salmonella and its importance during intracellular survival was investigated due to its
potential role in removing hydrogen peroxide before it can reach the cytosol and undergo
Fenton chemistry. No difference in survival was seen between AkatG.:cat and SL1344
during competitive infections of Raw 264.7 macrophages pre-activated with IFN-y and is
consistent with previous work that also did not see reduced intracellular survival (Buchmeirer
et al. 1995). Due to the presence of numerous enzymes capable of detoxifying hydrogen
peroxide a greater number are required to be mutated or inhibited to affect reactive oxygen
species resistance of S. Typhimurium. Hebrard et al. (2009) reported reduced intracellular
survival upon deletion of all three catalase enzymes (AkatG/AkatE/AkatN), removing the

functional redundancy still present in a katG mutant alone.

A copA/golT/katG.:cat triple mutant was created to test if the over accumulation of copper
within the cytosol and increased potential for hydrogen peroxide to penetrate the cytosol
would result in increased Fenton chemistry and reduced intracellular virulence. No significant
difference was present between the survival of AcopA/AgolT..cat and
AcopA/AgolT/AkatG.:cat indicating the addition of a katG mutation does not alter reactive

oxygen species resistance.

CueP has recently been identified to transfer copper to SodC,, from the copper exporters
CopA and GolT (Osman et al. 2013). The importance of CueP during macrophage infection
was investigated. No difference in survival between AcueP.:cat and SL1344 during
competitive infections of IFN-y activated macrophages was seen. If CueP solely functions as
a copper chaperone for SodC, then it would be expected to have the same survival as
SL1344 based on a sodC, mutant exhibiting no reduced survival within an infection model

consistent with previous results (Golubeva and Slauch 2006, Craig and Slauch 2009).
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4.11.6 Conclusions

The copper antimicrobial response S. Typhimurium encounters during intracellular survival
within a macrophage is significantly reduced upon addition of the copper chelator BCS, as is
expression of copA and golT. The timing of the copper antimicrobial response is not
consistent with the oxidative burst. A copA/golT double mutant intracellular survival is
unaffected by inhibition of INOS and expression of copA and golT are similar to IFN-y treated
macrophages indicating copper toxicity is not directly linked to reactive oxygen or nitrogen
species. Although the addition of copper to both reactive species can be additive through
Fenton chemistry and sharing similar targets such as sulphur-iron clusters. The addition of
BCS to macrophages significantly reduced the number of filamentous intracellular S.
Typhimurium during macrophage infections highlighting a novel copper-antimicrobial

phenotype within Salmonella.
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Chapter 5

The role of TolC in copper homeostasis in S. Typhimurium

Salmonella possess two copper homeostasis systems, the cue and gol system. The cue
systems encodes a Pig-type ATPase (copA), a copper responsive transcription regulator
(cueR), a multicopper oxidase (cueO) and a periplasmic copper binding protein (cueP). The
gol system encodes a Pig-type ATPase (golT), a copper responsive transcription regulator
(golS) and a cytoplasmic copper binding protein (golB). Both systems are capable of
exporting copper from the cytosol into the periplasm by the actions of CopA and GolT. A
copA/golT double mutant accumulates approximately 25 fold greater copper levels than
wildtype S. Typhimurium when grown at a sub-lethal copper concentration (Osman et al.
2010). This data implies the exportation of copper from the cytosol to the periplasm by CopA
and GolT is important for the removal of copper from S. Typhimurium. Currently it is
unknown how Salmonella removes copper from the periplasm into the external environment.
Upon starting this study the periplasmic copper binding protein CueP had recently been
discovered (Pontel et al. 2009, Osman et al. 2010). CueP is present in organisms lacking a
cus system, such as is present in E. coli which is capable of exporting copper into the
external environment. This suggested that CueP could be part of a copper detoxification
system like the cus system that is capable of exporting copper outside of S. Typhimurium or
functional substitute for the lack of a cus system (Pontel et al. 2009). As such, CueP could
perform a similar function to the copper chaperone CusF that supplies copper from the
periplasm to the CusCBA transport system for exportation (Kim et al. 2011). A gene cluster
analysis was performed to analyse the genes located in proximity to cueP-like genes in other
bacterial genomes in an attempt to identify potential outer membrane transporters that

function in conjunction with CueP.

5.1 Gene cluster analysis using CueP

Gene clustering analysis was performed looking for genes encoding protein with sequence
similarity to CueP within various bacterial species. A trend for gene encoding TolC
dependent systems close to cueP was identified (figure 5.1). This highlighted that TolC and

CueP may perform a role in copper tolerance for Salmonella.
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C. glutaicum ncgl1085 —< kgd —  ncgl1083 ncgl1082 ncgl1081 —
Y. perstis 0092— acrF >< serA —  ¥3395 > yapH y3397 —

Y. perstis KIM — acrF >< serA —  ¥3395 > yapH y3397 —

S. typhi — 3871 > t3870 t3869 >—< t3868 {3867 [—

S. typhimurium — vyiaG > CSpA cueP >—< 5tm3651 stm3652 |—

Figure 5.1 Clustering of TolC requiring systems within the vicinity of cueP sequence similarity genes

Genes encoding proteins with sequence similarity to CueP (outline red) cluster with acrF and ncgl1085 (green outline) that recruit TolC as their outer
membrane factor to remove substrates from within the organism to the external environment suggesting TolC may interact with CueP to provide copper

tolerance.
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5.2 Generation of a S. Typhimurium strain lacking tolC

It has previously been shown that TolC has a role in exporting several antimicrobial
compounds and transition metals (Kim et al. 2011). Nishino et al. (2007) identified that a tolC
mutant has reduced capability to grow under aerobic conditions in the presence of a variety
of antimicrobial substrates including copper and zinc (Nishino et al. 2007). This did not
identify if TolC provides a role in copper homeostasis or if a tolC mutant has increased
susceptibility to copper mediated killing. This study aimed to examine the role of TolC in
copper homeostasis and if TolC functions in conjunction with other known copper

homeostasis proteins in S. Typhimurium.

A tolC mutant was initially created within S. Typhimurium strain LB5010a by insertional
mutagenesis inserting a chloramphenicol resistance cassette into tolC resulting in the
removal of the majority of tolC by homologous recombination as previously described
(Datsenko and Wanner 2000). S. Typhimurium strain LB5010a does not contain the three
chromosomal Salmonella DNA modification systems hsdLT, hsdSA and hsdSB that degrade
foreign DNA, thus enabling the incorporation of the non-native chloramphenicol resistance
cassette to create LB5010a AfolC..cat (Bullas and Ryu 1983). The tolC mutation was
subsequently transferred by P22 phage transduction into SL1344 strain of S. Typhimurium
and checked by colony PCR to confirm transduction was successful (figure 5.2). The
chloramphenicol resistance cassette was removed by the introduction of a flipase containing
plasmid pCP20 into SL1344 AtolC..cat and chloramphenicol sensitive colonies were
screened by colony PCR to confirm the chloramphenicol cassette was removed confirming
AtolC was created (figure 5.2). The resulting AtolC strains contained a scar sequence
following the removal of the cat cassette. A complementation plasmid of pACYC184 tolC
was also constructed by cloning the entire tolC gene including promoter and operator
sequence into the multicopy plasmid pACYC184 and checked by sequencing of the plasmid.
The pACYC184 tolC construct as well as pACYC184 empty vector were introduced into
AtolC to generate the strains Ato/C pACYC184 tolC and AtolC pACYC184, respectively
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Table 5.1 Expected PCR product sizes for screening tolC deletion mutations

Genotype Expected PCR product size (bp)
tolC 1760
AtolC.:cat 1374
AtolC.:scar 327
A

2000—»
1500—»
1000=—p

Figure 5.2 Confirmation of SL1344 AtolC:.cat and SL1344 AtolC:.scar strain creation

All numbered lanes contain products obtained using primers tolC _forward and tolC_ reverse in a
PCR reaction. (A) Lanes 1 - 3 contained PCR products from colonies of LB5010a AtolC.:cat and lane
4 SL1344. (B) Lane 1 contained a colony of SL1344, lanes 2 and 3 contained colonies of SL1344
AtolC. After PCR reaction was completed agarose gel electrophoresis was performed with a 1%
agarose gel. Lane M contained DNA hyperladder | of DNA markers of known molecular weight as
indicated in base pairs.
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5.3 Loss of tolC does not affect growth of S. Typhimurium in minimal media

TolC provides multiple functions as an outer membrane transporter but also contributes to
maintaining stability of the outer membrane. Growth was monitored against time to generate
a growth curve for SL1344 and AfolC to check whether or not a tolC mutant exhibits a
change in growth rate. Overnight cultures of SL1344 and AtolC were diluted 1/100 into fresh
minimal media and growth recorded until stationary phase was reached for both strains
(figure 5.3). Log phase was reached by both strains after 2 hours, with cells entering
stationary phase post 6 hours. No difference was seen in growth rate between SL1344 and
AtolC, both exhibited an expected sigmoid growth curve, thus disruption of tolC does not
affect growth in minimal media under aerobic conditions. Growth of the tolC mutant under
metal stress could be analysed further.

5.4 TolC provides copper tolerance under aerobic conditions independent of
CopA and GolT

5.4.1 TolC contributes to copper tolerance under aerobic growth conditions

To confirm the role of TolC in copper tolerance the growth of Afo/C during copper stress was
analysed. Endpoint copper tolerance growth assays were performed with SL1344, AtolC,
AtolC pACYC184 and AtolC pACYC184 tolC. Overnight cultures were diluted 1/100 into
fresh minimal media and grown in varying concentrations of CuSO, until early log phase
(approximately 4-5 hours) and growth was quantified by measuring ODgq, (figure 5.4). AtolC
exhibited reduced growth at 25 uM CuSO, compared to SL1344, AtolC had an ODgy value
of 0.16 (x0.03) and SL1344 0.25 (£ 0.01). The reduced survival of the AfolC strain compared
to SL1344 was also evident at increasing concentrations of copper with the largest
difference occurring at 50 pM CuSOQ,, AfolC ODgyo 0.11 (+0.02) and SL1344 ODgg, 0.23
(£0.01). A significant difference (p<0.05) was present between SL1344 and AtolC for; 25, 50,
75 and 100 pM CuSO0O,. AfolC pACYC184 (containing the empty plasmid vector) exhibited
similar ODgqq readings to that of Ato/C whereas AfolC pACYC184 tolC (containing the

complementation plasmid) had similar copper tolerance to that of SL1344.

To further confirm that TolC contributes to copper tolerance under aerobic conditions, copper
tolerance was monitored on copper-containing LB agar plates for SL1344, AtolC, AtolC
pACYC184 and AfolC pACYC184 tolC. Overnight cultures were diluted by serial dilution to a
concentration of 10° and the dilution ranges 10°-107 were plated onto LB agar containing

varying concentrations of CuSO, and incubated overnight (figure 5.5). SL1344 and AtolC
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pPACYC184 tolC did not undergo any killing at the highest concentration of 4 mM CuSQy,,
with full growth at the 107 dilution for both strains. Ato/C and Ato/C pACYC184 both had
visible growth at 10® at 2 mM CuSO,, a 1 log difference. At 3 mM CuSO, AtolC and AtolC
pACYC184 had growth at 107 dilution. This equates to a three log difference in copper
tolerance between a strain containing a tolC mutation and a strain possessing a functional
tolC gene. The reduced growth of Ato/C during endpoint assay and increased killing during
copper-containing LB agar plate assays confirm TolC provides a role in copper tolerance
under aerobic conditions. The restoration of Ato/C copper tolerance by the addition of
PACYC184 tolC complementation plasmid confirmed that the reduced copper tolerance is
due to a mutation of tolC.
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Figure 5.3 Loss of tolC does not influence S. Typhimurium growth rate in minimal media under
aerobic conditions

An overnight culture of SL1344 (e) and Ato/C (O) were diluted 1/100 into fresh minimal media and

incubated at 37°C 200 rpm until stationary phase was reached, growth was determined by measuring
ODggo every hour. Data points represent the mean of one repeat performed in triplicate, error bars
represent standard error.
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Figure 5.4 A S. Typhimurium tolC mutant has reduced tolerance to copper sulphate

Overnight cultures of SL1344 (e), AfolC (O), AtolC paCYC (m) and AtolC pACYC tolC (©) diluted
1/100 into fresh minimal media with varying CuSQO, concentrations and incubated at 37°C, 200 rpm
for 4-5 hours and growth measured at ODgqo. Data points represent the mean of three independent

repeats performed in triplicate, error bars represent standard error.
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Figure 5.5 A tolC mutant has reduced copper tolerance when incubated on copper-containing
LB agar plates

Overnight cultures of; SL1344, AtolC, AtolC pACYC 184 and AfolC pACYC 184 tolC were serially
diluted from 10°-10"® and plated onto LB agar plates containing varying CuSO, concentrations. Plates
were grown statically at 37°C overnight and photographed. Data is a representative of three

independent repeats.
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5.4.2 A copA/golT/tolC triple mutant has decreased copper tolerance compared to a

copA/golT double mutant

A copA/golT double mutant has reduced copper tolerance compared to wildtype (Osman et
al. 2010). Having identified TolC performs a role in copper tolerance under aerobic
conditions, an association between the roles of CopA, GolT and TolC was investigated.
CopA and GolT could potentially associate with TolC to enable the export of copper from the
cytosol to outside Salmonella or export copper into the periplasm for TolC to export outside
of Salmonella. A AcopA/AgolT/AtolC triple mutant was created by phage transduction of tolC
mutation into AcopA/AgolT strain. Endpoint copper tolerance growth assays were performed
with SL1344, AtolC, AcopA/AgolT and AcopA/AgolT/AtolC (figure 5.6). Overnight cultures
were diluted 1/100 into fresh minimal media and grown in varying concentrations of CuSO,
until early log phase, growth was measured through absorbance ODgqg. As shown in
previous work by Osman et al. (2010) AcopA/AgolT has reduced growth at low copper
concentrations. AcopA/AgolT/AtolC had reduced copper tolerance than AcopA/AgolT at 10
puM and 25 uM CuSO, concentrations. The greatest difference was present between
AcopA/AgolT and AcopA/AgolT/AtolC was seen at 10 uM CuSO, with AcopA/AgolT/AtolC
having an ODggo Of 0.12 (£ 0.03) and AcopA/AgolT an ODgqq of 0.19 (x 0.05).

To further analyse copper tolerance of AcopA/AgolT/AtolC aerobic growth curves were
performed with and without the presence of CuSO, (50 uM) in minimal media to monitor the
growth rate of SL1344, AtolC, AcopA/AgolT and AcopA/AgolT/AtolC. Overnight cultures
were diluted 1/100 into fresh minimal media and growth recorded until stationary phase was
reached (figure 5.7). Cultures grown in the absence of copper exhibited no difference in
growth rate with all strains reaching stationary phase after hour 10.

Growth curves in the presence of 50 yM CuSO, exhibited a difference in growth rate (figure
5.7). SL1344 growth rate was unaffected by the presence of copper indicating that copper
levels up to 50 uM are non inhibitory to this strain. Adversely AtolC, AcopA/AgolT and
AcopA/AgolT/AtolC had reduced growth in comparison to SL1344. AtolC had a slower
growth rate than SL1344 but did obtain a similar final ODgy, 0f 0.58 (+ 0.01) compared to
0.63 (x 0.01) that SL1344 reached. AcopA/AgolT grew to a final ODgg of 0.10 (x 0.01).
AcopA/AgolT/AtolC had the lowest final ODggo 0f 0.03 (x 0.01) indicating AcopA/Agol T/AtolC
is unable to grow at a copper concentration of 50 uM. The combination of the endpoint and
growth curve assays confirm that copper tolerance is lowered by the addition of a tolC
mutation to a copA/golT double mutant. Both of these assays were performed within minimal
media that has defined complexes within its composition giving increased copper availability

compared to growth in complex media such as LB that contains a greater number of ligands
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capable of complexing free copper. Copper tolerance was therefore also investigated in rich
media to determine if the increase of complexed copper influences copper tolerance.
Overnight cultures of SL1344, AtolC, AcopA/AgolT and AcopA/AgolT/AtolC were diluted by
serial dilution to a concentration of 10°. Dilutions 10°-10? were plated onto LB agar
containing varying concentrations of CuSO, and grown overnight; plates were photographed
(figure 5.8). Both AcopA/AgolT and AcopA/AgolT/AtolC exhibited killing at 2 mM CuSO,.
Growth was present for AcopA/AgolT at 10 dilution whereas AcopA/AgolT/AtolC had
growth at only the 107 dilution, a 2 log difference in survival. At 3 mM CuSO, no growth was
seen for AcopA/AgolT/AtolC and AcopA/AgolT had growth in the final 107 dilution again
showing reduced copper tolerance upon addition of a tolC mutation to a copA/golT double
mutant. As seen previously a tolC mutant had reduced copper tolerance than SL1344. AtolC
killing began at 3 mM CuSO, whereas SL1344 remained unaffected, the largest difference
between the two strains occurred at 4 mM CuSQ,, SL1344 had viable bacteria in the 10°
dilution whereas only AtolC had growth at 107 dilution, whilst AcopA/AgolT and
AcopA/AgolT/AtolC where unable to grow.

The combined results for endpoint growth assay, growth curves and solid media copper
tolerance assays all confirm that a tolC mutation is additive to a copA/golT double mutation
in reducing copper tolerance. The additive nature of a tolC mutation to a copA/golT double
mutation indicates that the mechanism of copper detoxification by TolC and that of CopA
and GolT are separate. If the copper tolerance action of TolC was solely reliant upon the
binding and transport of copper from the cytosol through either CopA or GolT no difference
in copper toxicity would be expected between AcopA/AgolT and AcopA/AgolT/AtolC. Due to
not knowing whether TolC receives copper from the cytosol from a cytoplasmic exporter or if
copper is acquired in the periplasm by a membrane fusion protein several possibilities for the

possible interaction of TolC and CopA/GolT, and is discussed further later (figure 5.21).
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Figure 5.6 Loss of tolC gives reduced copper tolerance to a copA/golT double mutant

Overnight cultures of SL1344 (e), AtolC (0), AcopA/AgolT (A) and AcopA/AgolT/AtolC () diluted

1/100 into fresh minimal media at various CuSO, concentrations and incubated at 37°C, 200 rpm for 4
hours, growth was measured at ODgg. Data points represent the mean of three independent repeats

performed in triplicate, error bars represent standard error.
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Figure 5.7 A AcopA/AgolT/AtolC mutant cannot grow in minimal media supplemented with 50
uM CuSO,

Overnight cultures of SL1344 (e), AtolC (open square), AcopA/AgolT (A) and AcopA/AgolT/AtolC (O)
diluted 1/100 into (A) fresh minimal media or (B) minimal media supplemented with 50 pM CuSO, and
incubated at 37°C 200 rpm for 4-5 hours, growth measured at ODggo. Data points represent the mean

of three independent repeats performed in triplicate, error bars represent standard error.
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Figure 5.8 A AtolC mutation is additive to AcopA/ AgolT mutation

Overnight cultures of SL1344, AcopA/AgolT, AtolC, AcopA/AgolT/AtolC were serially diluted from 10°
2_10° plated onto LB agar plates containing varying CuSO, concentrations. Plates were incubated
statically at 37°C overnight and imaged using a UV light transilluminator. Data is a representative of

three independent repeats.
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5.5 A tolC mutation affects copper contents within S. Typhimurium

5.5.1 A tolC mutant over-accumulates copper under non toxic copper sulphate

concentrations

Having identified TolC contributes to aerobic copper tolerance under toxic copper
concentrations the role of TolC during non-toxic copper concentrations was investigated.
Intracellular levels of copper within a tolC mutant were analysed. An increased copper quota
would indicate TolC has a role in copper homeostasis at low concentrations of copper rather
than just at toxic copper concentrations. Overnight cultures of SL1344 and Ato/C were grown
in minimal media supplemented with 10 uM CuSO, (maximum permissive concentration).
Bacteria were pelleted by centrifugation and washed with EDTA to remove external metals
then lysed in nitric acid to release intracellular metals; samples were then analysed for metal
content by ICP-MS. Data was presented as atoms per cell from viable counts of bacteria
grown overnight, or as atoms per mg of protein quantified by Bradford assay of overnight
bacteria. Data was expressed as both atoms per cell and atoms per mg of protein, to avoid
discrepancy associated with a possible change in overall protein or cell morphology when
Salmonella was stressed. It is estimated Salmonella contains less than one atom of free
copper within the cytosol in the presence of copper homeostatic regulators CueR and GolS
upregulating a copper homeostatic response above this level (Changela et al. 2003, Osman
et al. 2013). Whilst Salmonella exposed to copper is anticipated to contain greater levels of
copper than non-copper exposed cells bound or buffered within the cytosol to prevent free
copper mediated damage. By expressing the data as atoms per cell and atoms per mg of
protein it can be understood if a tolC mutant has a similar atoms per mg protein to SL1344

but a higher atom per cell value.

Analysis of intracellular copper levels of SL1344 and Afol/C showed that in minimal media
alone there was no difference in the total cellular copper contents. Only low levels of copper
were detected in minimal media highlighting the limited amount of copper available (figure
5.9A). When minimal media was supplemented with 10 uM CuSO,, Ato/C had increased
copper levels under non-toxic copper concentrations than that of SL1344 (figure 5.9B).
AtolC accumulated more copper than SL1344 when expressed as both atoms per cell, 69.94
(x 8.76) compared to 14.15 (+ 3.56) or when expressed as atoms per mg of protein, 129.10
(x 18.0) compared to 49.38 (= 6.60). A tolC mutation gave an increase of copper
accumulation of 4.9 fold (atoms per cell) compared to 2.6 fold when expressed as atoms per
mg protein. This confirmed that TolC performs copper homeostasis under non-lethal
concentrations of copper (p < 0.05). The increase in intracellular copper levels indicated that
Salmonella accumulate copper prior to exhibiting reduced growth. Copper homeostatic
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proteins are upregulated in the presence of an abundance of copper prior to concentrations
reaching a toxic level. The smaller fold change between SL1344 and AtolC for atoms per mg
of protein than atoms per cell could relate to the upregulation of increased amounts of
copper binding proteins such as GolB, CueP and CueO, due to the increased copper within
AtolC.

5.5.2 A tolC mutation gives increased copper accumulation when combined with a

copA/golT double mutation

Having identified a tolC mutation increased the copper quota of Salmonella, the copper
guota of a copA/golT/tolC mutant was also investigated (table 5.2). Samples were prepared
for ICP-MS as previously stated in the presence of 0.25 yM CuSQO, due to
AcopA/AgolT/AtolC having an extremely low tolerance to copper. A copA/golT/tolC triple
mutant accumulated slightly more copper than a copA/golT double mutant when expressed
as atoms per cell or atoms per mg of protein but the difference was not significant (p = 0.17).
Previous work by Osman (et al. 2010) identified that a copA/golT double mutant
accumulates significantly greater levels of copper to SL1344 and thus was also confirmed
here. A tolC mutant accumulated more copper than SL1344 but was not a significant
difference; this is possibly due to the copper concentration used being too low compared to
previously (section 5.5.1). A tolC mutant accumulated a greater number of atoms per mg
protein, 59.01 (+ 3.57) x10° compared to 38.71 (+ 14.50) x10° accumulated by SL1344.
Hence, TolC appears to contribute to copper export at a higher copper concentration
stimulus of 10 uM but does not play a significant role in copper export at low copper
concentrations such as 0.25 pyM. It can be concluded that CopA and GolT contribute to
copper export at lower copper concentrations than TolC. If copper levels continue to rise,
despite the copper detoxification actions of CopA and GolT, then TolC begins to provide
copper detoxification to assist CopA and GolT to reduce the cellular copper load. The
consistency of other divalent metals investigated between strains indicates no other divalent

metals are exported by TolC, CopA or GolT. Cobalt was below the level of detection.

213



A 80 160

70 -
60 - L 120 &
— [
e
§ 40 A - 80 o
g £
@ 30 - 5
5 &
< | B
20 40 S
<
10 -
o_ﬁlmliﬁl : .-‘l.i_l.-—l. : 0
Mn Ni Cu Zn Co Mn Ni Cu n Co
80 160
B
70 -
60 - L 120 B
i
— x
o . [
S 50 3
: (o]
T) 40 _ [~ 80 a
: Y
2 30 - £
[7,) Q
£ o
2 20 - L 40 E
)
10 - <

0 | T i’I'Ii'I'I , , 0
Mn Ni Cu Zn Co Mn Ni Cu Zn Co

Figure 5.9 AtolC over accumulates copper at sub-lethal copper concentrations

Overnight cultures of SL1344 (black) and AtolC (white) in minimal media (A) or minimal media
supplemented with 10 puM CuSO, (B) then washed with EDTA and lysed with nitric acid and
intracellular metal levels quantified by ICP—MS analysis relative to number of atoms per cell (main
axis) and number of atoms per mg of protein (secondary axis). Data points represent the mean of

three independent repeats performed in triplicate, error bars represent standard error.

214



Atoms per cell (x10°)

Mn Co Ni Cu Zn
SL1344 213(+0.51) |0 (+0.00)* |3.83(+1.00) |7.80 (+1.89) 13.84 (+ 3.38)
AtolC 1.92(£1045) |0(x0.00* |3.12(x0.70) |8.15 (z2.89) 10.17 (+ 4.56)
AcopA/AgolT 3.87 (+1.00) | 0(+0.00)* |4.85(+1.22) |229.37 (+52.08) |23.15 (+6.08)
AcopA/AgolT/AtolC | 3.80 (+ 1.03) | 0 (+ 0.00)* |3.31(+0.87) |292.49 (+70.73) | 23.85 (+ 6.25)

Atoms per mg protein (x10°)

Mn Co Ni Cu Zn
SL1344 8.88 (£ 0.79) 0 (x0.00* |17.19 (+3.25) 38.71 (£ 3.57) 87.44 (+ 9.59)
AtolC 7.11 (£ 0.34) 0 (x0.000* |13.93(x2.85) 59.01 (£ 14.50) 70.29 (+ 4.98)
AcopA/AgolT 13.07 (x1.02) | 0(x0.00)* | 19.11 (+6.69) 752.69 (+ 304.12) 94.88 (+ 10.85)
AcopA/AgolT/AtolC | 12.12 (+ 1.29) | 0 (£ 0.00)* | 14.40 (+ 1.54) 817.98 (+ 331.65) 100.52 (+ 13.45)

Table 5.2 AcopA/AgolT/AtolC accumulates greater amounts of copper than AcopA/AgolT when grown with 0.25 uM CuSQO,

Aerobic overnight cultures of SL1344, AtolC, AcopA/AgolT and AcopA/AgolT/AtolC were grown in minimal media supplemented with 0.25 yM CuSO,, washed
with EDTA and lysed with nitric acid and intracellular metal levels quantified by ICP—MS analysis and calculated as number of atoms per cell (upper table)
and number of atoms per mg of protein (lower table). Data is the mean of three independent repeats performed in triplicate, error bars represent standard

error. *Cobalt below detectable limit.
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5.6 TolC does not contribute to tolerance of zinc, nickel or cobalt in S. Typhimurium

Having confirmed TolC exports copper to provide a role in copper tolerance the tolerance of
AtolC to other cation metals were investigated. It was previously reported by Nishino et al.
(2007) that TolC is capable of exporting both copper and zinc under aerobic conditions. We
have confirmed that TolC does export copper under aerobic conditions and therefore
investigated other metal cations: zinc, nickel and cobalt. Endpoint metal tolerance growth
assays were performed with SL1344 and AfolC (figure 5.10). Overnight cultures were diluted
1/100 into fresh minimal media and grown in varying concentrations of (A) ZnSQ,, (B) NiSO,
and (C) CoSO, until early log phase and growth was measured by absorbance at ODgy. NO
difference in tolerance was seen for SL1344 and AfolC when exposed to; zinc, nickel or

cobalt indicating that TolC does not export any of these metals under toxic concentrations.

To further analyse if TolC provides a role in the export of zinc, nickel and cobalt, ICP-MS
analysis was performed to analyse metal content quotas under non-inhibitory concentrations
(table 5.3). SL1344 and a tolC mutant had similar metal quotas for zinc, nickel and cobalt
indicating that TolC does not provide a role in zinc, nickel or cobalt export at both inhibitory

and non-inhibitory concentrations; indicating specificity towards copper export.
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Figure 5.10 TolC does not contribute to tolerance to zinc, nickel or cobalt in S. Typhimurium

Overnight cultures of SL1344 (e), Ato/C (O) diluted 1/100 into fresh minimal media with varying metal
concentrations of (A) ZnSQO,, (B) NiSO, or (C) CoSO, and incubated at 37°C 200 rpm for 4-5 hours,

growth measured at ODgyo. Data points represent the mean of three independent repeats performed

in triplicate, error bars represent standard error.
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Atoms per cell (x10°)

Ni 25 uM Ni Cu 10 uM Cu Zn 5uMZn Co 0.5 uM Co
SL1344 1.66 50.91 3.38 14.15 22.44 110.89 0.00 4.43

(= 0.78) (= 3.81) (x 2.74) (x 3.56) ( 16.03) (x 15.05) (x 0.00) (x 1.87)
AtolC 191 50.87 5.23 64.94 24.94 109.80 0.00 4.67

(= 0.59) (= 0.47) (x 4.22) (= 8.76) (= 15.14) (= 1.34) (= 0.00) (x 2.42)

Atoms per mg protein (x10°)

Ni 25 uM Ni Cu 10 uM Cu Zn 5uM Zn Co 0.5 uM Co
SL1344 9.94 112.70 15.27 49.38 111.56 516.58 0.11 12.69

(= 0.80) (x 7.67) (= 9.03) (= 6.60) (£ 55.29) (x 4.19) (x 0.11) (£0.33)
AtolC 9.73 113.02 20.14 129.1 113.24 523.58 0.12 12.53

(x 0.97) (x 4.07) (£ 12.58) (x 18.02) (x 48.57) (x 21.63) (x 0.12) (x 3.16)

Table 5.3 At sub-lethal concentrations of divalent cations a tolC mutant over accumulates copper but not nickel, zinc or cobalt

Aerobic overnight cultures of SL1344 and AtolC were grown in minimal media supplemented with metals where stated, washed with EDTA and lysed with

nitric acid and intracellular metal levels quantified by ICP-MS analysis and calculated as number of atoms per cell (main axis) and number of atoms per mg of

protein (secondary axis). Data is the mean of three independent repeats performed in triplicate, error bars represent standard error.
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5.7 TolC does not contribute to copper tolerance under anaerobic conditions

The role of TolC contributing to copper export and tolerance under aerobic conditions has
been confirmed, next the role of TolC in copper tolerance under anaerobic conditions was
investigated. An aerobic overnight culture was grown in minimal media supplemented with
sodium fumarate to provide an electron acceptor under anaerobic conditions. The aerobic
overnight culture was used to set up an anaerobic growth curve diluting bacteria 1/50 in
fresh minimal media and uptaken within a plastic syringe expelling any air bubbles and
securing with an air tight Luer lock. Growth was measured hourly at ODgg for 15 hours until
stationary phase was reached. Under anaerobic conditions Salmonella does not grow to the
same ODg Value as aerobic conditions or as quickly. No difference in growth rate between
SL1344 AcopA/AgolT and AtolC under anaerobic conditions was seen (figure 5.11A).
Supplementation of 30 yM CuSQO, gave decreased growth of AcopA/AgolT (0.08 = 0.01) but
not for SL1344 (0.13 = 0.01) or Ato/C (0.13 + 0.01) (figure 5.11B). To confirm that the growth
observed during the experiment was under anaerobic conditions a negative control of
minimal media with no fumarate was performed, (figure 11C). No growth of SL1344 was
seen between an ODg reading at 0 hours and 28 hours confirming that the anaerobic
cultures are using fumarate as a terminal electron acceptor and not oxygen. This suggests

that TolC does not provide a role in copper detoxification under anaerobic conditions.

As this result was unexpected, endpoint anaerobic growth assays were also performed in
rich media with SL1344 AcopA/AgolT and Ato/C. Overnight cultures were diluted 1/100 into
fresh LB and grown in varying concentrations of CuSO, until early log phase and growth was
measured through absorbance ODgq (figure 5.12). AcopA/AgolT exhibited inhibited growth
at 250 yM CuSO4with an ODggg of 0.13 (£0.02) whereas Ato/C did not exhibit any difference
in copper tolerance to SL1344, each having an ODgqy of 0.21 (= 0.03) and 0.21 (+0.03)
respectively. AcopA/AgolT had consistently lower growth when CuSO,was present in the

media at all concentrations tested.

To further confirm that TolC has no role in copper tolerance under anaerobic conditions,
growth assays were performed using anaerobic copper-containing LB agar plates, with
SL1344 and AtolC, by serial dilution of overnight cultures to a concentration of 10”. Dilutions
107-10™" were plated onto LB agar containing varying concentrations of copper and grown
overnight in an anaerobic jar under anaerobic conditions; plates were then imaged on a UV
doc transilluminator (figure 5.13). No difference in growth was seen between SL1344 and
AtolC. Growth curves, endpoint growth assays and monitor growth on copper-containing
plates all confirm that TolC does not contribute to copper detoxification under anaerobic

conditions.
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Figure 5.11 TolC does not contribute to copper tolerance of S. Typhimurim in minimal media

under anaerobic conditions

Overnight cultures of SL1344 (@), AcopA/AgolT (A) and AfolC (O) were diluted 1/100 into fresh
minimal media supplemented with fumarate and incubated at 37°C statically under anaerobic
conditions with, (A) no copper or (B) 30 uM CuSO,. (C) Overnight cultures of SL1344 and AtolC
diluted 1/100 into fresh minimal media containing no fumarate at time 0 (black) and after 15 hours
(white). Growth was measured at ODgq Data points represent the mean of one repeat performed in

triplicate, error bars represent standard error.
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Figure 5.12 A tolC mutant has a similar copper tolerance to that of SL1344 in LB media under

anaerobic conditions

Overnight cultures of cultures of SL1344 (@), AcopA/AgolT (A) and AtolC (O) diluted 1/100 into fresh

LB media with varying CuSO, concentrations and incubated at 37°C statically for 3.5 hours, growth
was measured at ODggo. Data points represent the mean of three independent repeats performed in

triplicate, error bars represent standard error.
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Figure 5.13 TolC does not contribute to anaerobic copper detoxification in S. Typhimurium

Overnight cultures of SL1344 and AtolC were serially diluted from 10°-10 plated onto LB agar plates
containing varying CuSO,4 concentrations. Plates were incubated statically at 37°C for 48 hours in an
anaerobic jar under anaerobic conditions and imaged using a UV light transilluminator. Data is a

representative of three independent repeats.
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5.8 TolC does not contribute to copper export under anaerobic conditions

To assess if TolC contributes to copper export under anaerobic conditions ICP-MS analysis
was performed on culture grown with and without copper supplementation (table 5.4). No
difference in the copper contents was seen between SL1344 and Atol/C when grown in
minimal media or when grown in minimal media supplemented with 10 yM CuSQ,. Under
anaerobic conditions Salmonella uptakes significantly greater amounts of copper than under
aerobic growth conditions, this is consistent with observations in the literature (Outten et al.
2001). SL1344 grown in minimal media under aerobic growth accumulates 3.38 (+ 2.74)
atoms per cell compared to 7.78 (+ 4.63) x10° atoms per cell under anaerobic conditions.
When grown in minimal media supplemented with 10 yM CuSO,, SL1344 accumulates
substantially more copper under anaerobic conditions 2643.24 (+ 1168.46) atoms per cell
x102 than under aerobic conditions, 14.15 (+ 3.56) x10° atoms per cell (p<0.05). The lack of
difference between SL1344 and AfolC levels of copper accumulation identified that TolC
does not export copper under anaerobic conditions.

The lack of export under anaerobic conditions suggests TolC only transports Cu?" not Cu*
ions. It is believed that the periplasm reflects the oxidative state of the external environment
due to the porous nature of the outer membrane. Under oxidising conditions Cu®*ions are
prevalent in aerobic cultures adversely under anaerobic conditions Cu® ions are prevalent.
TolC might not be capable of exporting Cu” ions or the proteins which supply copper to TolC
only supply Cu®* ions.
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Atoms per cell (x10°)

Atoms per mg protein (x10°)

Cu 10 uM Cu Cu 10 uM Cu
SL1344 7.78 (£ 4.63) 2643.25 (+ 1146.17) 19.09 (+ 7.25) 9866.98 (+ 4092.61)
AtolC 10.56 (£ 5.54)

2781.46 (+ 1168.46)

21.21 (+ 8.05)

9438.06 (+ 3684.29)

Table 5.4 AtolC and SL1344 have similar copper contents under anaerobic conditions

Anaerobic overnight cultures of SL1344 and AtolC grown in minimal media, supplemented with 10 uM

CuSO, where stated, washed with EDTA and lysed with nitric acid. Intracellular metal levels were

quantified by ICP—-MS analysis and quantified by number of atoms per cell and number of atoms per

mg of protein. Data is the mean of three independent repeats performed in triplicate, error bars
represent standard error.
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5.9 The addition of a cueO mutation to a tolC mutant gives a decrease in aerobic

copper tolerance

The exportation of copper under aerobic conditions by TolC but not under anaerobic
conditions, suggests specific transport of Cu?*. The multicopper oxidase (CueO) is located in
the periplasm and performs the oxidation of Cu*to Cu?* which is believed to reduce the
ability of copper to re-enter the cytosol. The conversion of Cu*to Cu* by CueO may be
essential for the exportation of copper by TolC. To investigate whether CueO and TolC
function together to achieve copper detoxification a Ato/C/AcueO strain was made by

transferring a tolC mutation into a cueO mutant by P22 phage transduction.

Endpoint copper tolerance growth assays were performed with SL1344, AtolC, AcueO and
AtolC/AcueQ. Overnight cultures were diluted 1/100 into fresh minimal media and grown in
varying concentrations of CuSO, until early log phase, growth was quantified by measuring
absorbance at ODg (figure 5.14). AtolC/AcueO exhibited inhibited growth at 10 yM CuSO,
with an ODgg Of 0.25 (£0.04) whereas AtolC and AcueO did not exhibit any difference in
growth to SL1344 ODgg of 0.32 (£0.01), each mutant having an ODggo of 0.31 (£0.03) and
0.29 (x0.02), respectively. AtolC/AcueO had consistently lower growth for all CuSO,
concentrations examined. Ato/C and AcueO both showed decreased growth in comparison
to SL1344 at the higher copper concentrations used, with the largest difference seen at 75
MM CuSO,. AtolC and AcueO both had similar copper tolerance to each other with AcueO
having a slight reduction in growth at 10 and 25 yM CuSO,in comparison to AtolC.

To further analyse the additive nature of a cueO and tolC mutation growth on copper-
containing LB agar plates for SL1344, AcueO, AfolC, AtolC/AcueO by serial dilution of
overnight cultures to a concentration of 10°. Dilutions 10°-102 were plated onto LB agar
containing varying concentrations of CuSO, and grown overnight; plates were imaged on a
UV doc transilluminator (figure 5.15). AtolC/AcueO was highly sensitive to copper toxicity
with no growth on the 2 mM CuSO, LB agar plate. Both Ato/C and AcueO exhibited killing at
3 mM CuSO,, AtolC only had growth at 102 dilution whereas AcueO had no visible growth
and could not survive at 3 mM CuSO,. SL1344 did not exhibit any killing at 4 mM CuSO, and
AtolC had growth only at the 10 dilution identifying that a mutation of cueO reduces copper
tolerance greater than mutation of tolC. Crucially, mutants lacking cueO and tolC are much

more sensitive to copper than either single mutant.

227



0.4

Growth (ODg,)

O 1 1 1 1

0 25 50 75 100 125
CuSO, concentration (LM)

Figure 5.14 The addition of a tolC mutation lowers copper tolerance of AcueO

Overnight cultures of SL1344 (e), AtolC (O), AcueO (A) and AtolC/AcueO (), diluted 1/100 into fresh

minimal media with varying CuSO, concentrations and incubated at 37°C, 200 rpm for 4-5 hours
under aerobic conditions, growth measured at ODgq,. Data points represent the mean of three

independent repeats performed in triplicate, error bars represent standard error.

228



wm NN
e e e
l—\amm
® 009
I A

S

O

CuSO, concentration (mM)

Figure 5.15 AtolC/AcueO is killed under low copper sulphate concentrations

Overnight cultures of SL1344, AfolC, AcueO and AtolC/AcueO were serially diluted from 10%-10°
plated onto LB agar plates containing varying CuSQO, concentrations. Plates were incubated statically
at 37°C for 48 hours under aerobic conditions and imaged using a UV light transilluminator. Data is a

representative of three independent repeats.
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The increased copper sensitivity of a tolC/cueO double mutant compared to single mutants
indicates that TolC is not dependent on CueO to function but both are important periplasmic
copper detoxifying components. The copper-containing LB agar plate assay also confirmed
that a tolC/cueO double mutant had reduced copper tolerance than a copA/golT double
mutant; which grew at a 10 dilution when exposed to 2 mM CuSO, whereas AtolC/AcueO
was killed. This highlights that copper has a harmful affect on Salmonella from outside the
cytosol, where current toxicity models for copper include: Fenton chemistry, iron sulphur
cluster disruption and metalloprotein disruption. CueO detoxifies Cu* to Cu®* in the periplasm
and it is possible that TolC exports Cu®* that CueO has converted but TolC is not solely
reliant on receiving Cu®* from CueO as indicated by the additive nature of a tolC/cueO
double mutant. It is likely that TolC is able to bind Cu®* that is present in the periplasm from
either the oxidation of Cu” in the periplasm by CueO or alternate proteins with oxidising
capabilities or Cu?* that has entered the periplasm from the external environment through the

outer membrane.

5.10 CueP and TolC do not function together to provide copper tolerance or

homeostasis

5.10.1 CueP is not required for TolC mediated copper resistance

As previously stated; genes encoding RND efflux systems that require TolC as an outer
membrane exporter cluster across several Gram negative bacteria close to a gene encoding
of similar sequence to CueP. The cus system within E. coli requires the presence of CusF, a
periplasmic copper chaperone that transports Cu® to CusB for export by CusC. Salmonella
does not possess the Cus system although CueP bears a similarity to CusF in that it is a
periplasmic copper binding protein that has a known copper chaperone function (Osman et
al. 2013, Bagai et al. 2008). TolC may receive copper from the cytosol by the switch
mechanism or from the periplasm through the funnel mechanism. The funnel mechanism
may therefore be dependent on a periplasmic copper chaperone transporting copper to TolC
that CueP could potentially perform. A tolC mutation was transferred into a cueP mutant by
P22 phage transduction and the resulting Ato/C/AcueP mutant copper tolerance was

analysed under both aerobic and anaerobic conditions.

Endpoint copper tolerance growth assays were performed with SL1344, AtolC, AcueP and
AtolC/AcueP. Overnight cultures were diluted 1/100 into fresh minimal media and grown in
varying concentrations of CuSO, until early log phase and growth was measured by

absorbance at ODg (figure 5.16). As stated in previous work (Osman et al. 2010) AcueP did
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not show any difference in copper tolerance to SL1344 giving an ODgqy 0f 0.184 (+ 0.01) and
0.183 (x 0.01) respectively. AtolC/AcueP exhibited no difference in copper tolerance to AtolC
with an ODgg value of 0.104 (+ 0.01) and 0.103 (+ 0.01) respectively at 100 uM CuSO,. To
test whether or not CueP contributes to copper tolerance in the presence of rich media under
aerobic conditions, copper-containing LB agar plate assays were performed. Overnight
cultures of SL1344, AcueP, AcueP/AcueO and AtolC/AcueP were diluted by serial dilution to
a concentration of 10°. Dilutions 10°-10 were plated onto LB agar containing varying
concentrations of copper and grown overnight; plates were imaged on a UV doc
transilluminator (figure 5.17). As seen with minimal media endpoint growth assays no
difference was seen between SL1344 and AcueP. Regarding copper tolerance no difference
in killing was present between AcueP/AcueO and AcueO or AtolC/AcueP and AtolC (figures
5.14 and 5.15). This confirmed under aerobic conditions CueP does not provide copper
tolerance to S. Typhimurium or influence the copper tolerance conferred by CueO or TolC.

5.10.2 CueP does not contribute to copper export under non-toxic copper

concentrations

After confirming CueP does not provide a role in copper tolerance under aerobic conditions,
it was investigated to identify if CueP performs a role in copper export under these
conditions. ICP-MS analysis was performed with SL1344, AtolC, AcueP and AtolC/AcueP
grown in minimal media supplemented with 10 uM CuSO, (table 5.5). No difference was
seen in the copper contents between SL1344 and AcueP when the data was expressed as
atoms per cell or atoms per mg protein. Also no difference was seen between Atol/C and
AtolC/AcueP, both strains accumulated similar levels of copper, greater than SL1344, due to
the mutation of tolC. Through the combination of the minimal media endpoint growth assay,
rich media solid agar plates and ICP-MS analysis it can be concluded that CueP does not

influence copper homeostasis or tolerance under aerobic conditions.
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Figure 5.16 CueP does not provide copper tolerance to S. Typhimurium under aerobic

conditions

Overnight cultures of SL1344 (e), AtolC (0O), AcueP (A) and AtolC/AcueP (#) diluted 1/100 into fresh

minimal media with varying CuSO, concentrations and grown at 37°C 200 rpm for 4-5 hours, growth
was measured at ODgqo. Data points represent the mean of one repeat performed in triplicate, error

bars represent standard error.
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Figure 5.17 CueP does not provide arole in aerobic copper tolerance or influence CueO or
TolC

Overnight cultures of SL1344, AcueP, AcueP/AcueO and AcueP/AtolC were serially diluted from 10°%-
10° plated onto LB agar plates containing varying CuSO, concentrations. Plates were incubated
statically at 37°C for 48 hours and imaged using a UV light transilluminator. Data is a representative

of three independent repeats.
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Atoms per cell (x10°)

Mn Co Ni Cu Zn

1.81 0.00 1.8 16.09 7.28
SL1344 (£ 0.01) (z 0.00)* (x0.02) (x0.42) (x0.20)

1.97 0.00 1.68 68.06 11.47
AtolC (x0.36) (x 0.00)* (x0.03) (x0.71) (x2.01)

1.67 0.00 2.66 14.48 12.49
AcueP (x0.17) (z 0.00)* (£ 0.63) (x1.24) (x3.70)

1.85 0.00 2.27 66.8 19.14
AtolC/AcueP | (+ 0.52) (x 0.00)* (x0.14) (£ 0.88) (= 3.20)

Atoms per mg protein (x10°%

Mn Co Ni Cu Zn

7.4 0.00 7.4 66.03 29.85
SL1344 (£ 0.07) (= 0.00)* (x0.11) (£ 2.96) (x1.45)

7.13 0.00 6.06 246.23 41.5
AtolC (x2.21) (x 0.00)* (£0.19) (x4.30) (£ 12.20)

5.84 0.00 9.31 50.78 43.78
AcueP (x1.08) (= 0.00)* (£ 3.95) (x7.76) (£ 23.18)

7.54 0.00 9.26 272.3 78.02
AtolC/AcueP | (+ 3.66) (x 0.00)* (£ 0.98) (£6.21) (x 22.58)

Table 5.5 CueP does not contribute to copper homeostasis under non-toxic copper levels

Aerobic overnight cultures of SL1344, AtolC, AcueP and AtolC/AcueP were grown in minimal media

supplemented with 10 uM copper, washed with EDTA and lysed with nitric acid. Intracellular metal

levels quantified by ICP—MS analysis and calculated as number of atoms per cell (main axis) and

number of atoms per mg of protein (secondary axis). Data is the mean of three independent repeats

performed in triplicate, error bars represent standard error. *Cobalt below the detectable limit

234




5.10.3 A cueP mutant has similar copper tolerance to SL1344 under anaerobic

conditions

It has been reported (Pontel and Soncini 2009) that CueP contributes to copper tolerance
under anaerobic conditions, this result and whether CueP is able to provide copper tolerance
in a tolC mutant was investigated. Endpoint copper tolerance growth assays were performed
under anaerobic conditions with SL1344, AtolC, AcopA/AgolT, AcueP and AtolC/AcueP.
Overnight cultures were diluted 1/100 into fresh LB and grown in varying concentrations of
CuSO, until early log phase and growth was measured through absorbance at ODgg (figure
5.18). AcopA/AgolT exhibited inhibited growth at 250 yM CuSO, with an ODgq of 0.16 (*
0.03) CuSO,4 whereas AcueP and AfolC did not exhibit any difference in copper tolerance to
SL1344 each having an ODggo 0f 0.22 (+ 0.02) and 0.24 (+ 0.03), respectively and SL1344
0.23 (£ 0.03). This suggests that CueP does not have a role in copper tolerance under
anaerobic conditions. To further analyse the role of CueP under anaerobic conditions,

growth curves were also performed in minimal media supplemented with copper.

An aerobic overnight culture was grown in minimal media supplemented with sodium
fumarate and was used to set up an anaerobic growth curve diluting bacteria 1/50 into fresh
minimal media (figure 5.19A) and minimal media supplemented with 30 uM CuSQ, (figure
5.19B) and uptaken within a plastic syringe expelling any air bubbles and securing with an
air tight Luer lock. Growth was measured at ODgq for 14 hours until stationary phase was
reached. No difference in growth rate between SL1344 AcopA/AgolT, AtolC, AcueP and
AtolC/AcueP was seen in minimal media without added copper. Supplementation of 30 uM
CuSO0O, into minimal media gave decreased growth of AcopA/AgolT, but not for SL1344,
AtolC, AcueP and AtolC/AcueP. To confirm that the growth observed during the experiment
was under anaerobic conditions, a negative control of minimal media with no fumarate was
performed (figure 19C). No growth of SL1344 was seen between an ODgq reading at 0
hours and 28 hours confirming that the anaerobic cultures are using fumarate as a terminal
electron acceptor and not oxygen. This supports the assertion that TolC and CueP do not

provide a role in copper detoxification under anaerobic conditions.

It can be concluded CueP does not provide a role in copper homeostasis or copper
tolerance under anaerobic conditions. Recently CueP has been identified to transport copper
to SodC,, it is most likely the copper binding capacity of CueP is associated with its role as a
copper chaperone and not part of the primary copper detoxification response in S.

Typhimurium (Osman et al. 2013).
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Figure 5.18 A cueP mutation does not provide copper tolerance under anaerobic conditions

Overnight cultures of SL1344 (e), AtolC (0), AcopA/AgolT (A), AcueP (X) and AcueP/AtolC ()

diluted 1/100 into fresh LB media with varying CuSO, concentrations and incubated statically at 37°C
for 3.5 hours, growth was measured at ODgqg. Data points represent the mean of three independent

repeats performed in triplicate, error bars represent standard error.
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Figure 5.19 TolC and CueP do not contribute copper tolerance under anaerobic conditions in

S. Typhimurium

Overnight cultures of SL1344 (e), AcopA/AgolT (A), AtolC (O), AcueP () and AtolC/AcueP (X) were
diluted 1/100 into (A) fresh minimal media containing sodium fumarate and grown at 37°C statically or
(B) supplemented with 30 uM copper sulphate. (C) Overnight cultures of SL1344 and AfolC diluted
1/100 into fresh minimal media containing no fumarate at time 0 (black) and after 28 hours (white).
Growth was measured at ODggg. Data points represent the mean one repeat performed in triplicate,

error bars represent standard error.
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5.11 The Ges system does not contribute to copper tolerance within S. Typhimurium

Another RND efflux system within Salmonella is the ges system that consists of gesABC;
GesA is an inner membrane transporter, GesB a membrane fusion protein and GesC an
outer membrane transporter. The ges system has been identified to be involved in the export
of gold and numerous antibiotics (Pontel et al. 2007). TolC is capable of functionally
replacing GesC which has led into the investigation that Ges system could potentially export
copper (Pontel et al. 2007). Therefore, GesC could functionally substitute for TolC in a tolC
mutant with respect to copper export, which is not associated with Ges A or Ges B. Aerobic
and anaerobic endpoint assays were performed to analyse if the Ges system can export

copper.

A gesB/gesC double mutant was generated by insertional mutagenesis as described in
Datsenko and Wanner (2000). Aerobic endpoint copper tolerance growth assays were
performed with SL1344, AtolC, AgesB/AgesC. Overnight cultures were diluted 1/100 into
fresh minimal media and grown in varying concentrations of CuSO, until early log phase and
growth was measured by absorbance at ODgqq (figure 5.20A). Anaerobic endpoint copper
tolerance growth assays were performed under anaerobic conditions with SL1344, AtolC,
AgesB/AgesC. Overnight cultures were diluted 1/100 into fresh LB and grown in varying
concentrations of CuSO, until early log phase and growth was measured through
absorbance at ODg (figure 5.20B).

No difference was seen between a GesBC mutant and SL1344 under aerobic or anaerobic
conditions. This indicated that the Ges system is unable to export copper and TolC does not
provide copper tolerance through the supply of copper from GesB. During the study a triple
mutant of AgesB/AgesC/AtolC was attempted but was unable to be created, it is possible
that by removing both outer membrane exporters GesC and TolC reduces membrane
stability in S. Typhimurium. A deletion of tolC and gesC would identify if GesC can associate
with an alternate cytosolic transport and membrane fusion protein and export copper, if a

decrease in copper tolerance was exhibited.
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Figure 5.20 GesBC does not contribute to copper homeostasis in S. Typhimurium under both

aerobic and anaerobic conditions

Overnight cultures of SL1344 (e), AtolC (O) and AgesBC (A), (A) diluted 1/100 into fresh minimal
media with varying CuSO, concentrations and grown at 37°C 200 rpm for 4-5 hours. (B) Diluted 1/100
into fresh LB with varying copper concentrations and incubated at 37° for 3.5 hours. Growth
measured at ODggo. Data points represent the mean of three independent repeats performed in

triplicate, error bars represent standard error.
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5.12 Discussion

5.12.1 TolC provides arolein S. Typhimurium copper homeostasis when grown under

aerobic conditions but not when grown under anaerobic conditions

The data obtained in this study indicates that TolC is required for copper homeostasis under
aerobic conditions. A tolC mutant was shown to have decreased growth compared to
SL1344 in the presence of copper. When assayed by endpoint growth assays in minimal
media, AtolC grew similar to SL1344 until a concentration of 25 uM CuSO, was reached,
then a substantial reduction in growth occurred. (figure 5.4). During growth curve analysis
AtolC also grew at a slower rate than SL1344 in the presence of 50 uM CuSO,in growth
curve experiments (figure 5.7). Growth on copper-containing LB agar plates (figure 5.5) at 3
mM and 4 mM CuSOQO, exhibited a four log difference was present between SL1344 and tolC
confirming previous data in minimal media for endpoint and growth curve experiments that

AtolC has reduced copper tolerance than SL1344 under aerobic conditions.

Complementation of tolC into a tolC mutant restored copper tolerance similar to that of
SL1344 during endpoint and copper containing LB agar plates assays (figure 5.4 and 5.5),
confirming that TolC is providing copper tolerance under aerobic conditions within S.
Typhimurium. A tolC mutant was previously reported to have reduced growth in the
presence of copper and zinc under aerobic conditions (Nishino et al. 2007). The data
obtained in this study is consistent with the reported copper phenotype identified in a tolC
mutant. After confirming the importance of TolC in copper tolerance its importance in copper
homeostasis was investigated by ICP-MS analysis of cellular copper contents. The addition
of 10 uM CuSO,to SL1344 and AtolC grown overnight in minimal media identified a tolC
mutant over accumulated 4.1 fold increase (atoms per cell) copper in comparison to SL1344
(figure 5.9). This identified that TolC provides copper export to reduce cellular copper load

before toxic copper levels are reached by S. Typhimurium (<10 pM CuSOy).

After establishing the role of TolC in copper tolerance and export under aerobic conditions,
the function of TolC was investigated under anaerobic conditions. As performed under
aerobic conditions endpoint growth assays, growth curves and growth on LB agar plates
containing copper were performed. No difference between SL1344 and AtolC in: copper
tolerance for endpoint growth assays in minimal media (figure 5.11), in duration taken to
reach stationary phase during growth curves (figure 5.12) and growth on LB agar plates
containing copper (figure 5.13).To confirm copper-mediated toxicity under these conditions a

copA/golT double mutant was utilised as a positive control and had reduced growth in
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endpoint assays (figure 5.11) and slower growth rate in growth curves (figure 5.12). The data
obtained identified TolC does not perform a role in copper tolerance under anaerobic
conditions. To further analyse the role of TolC under anaerobic conditions copper export was
investigated by ICP-MS analysis of cellular copper contents. No difference was seen
between the copper quota of SL1344 and Ato/C under anaerobic conditions (table 5.3). Both
SL1344 and AtolC accumulated significantly greater concentrations of copper under
anaerobic conditions. This confirmed data seen by other research groups that under
anaerobic conditions intracellular copper levels increase in comparison to aerobic
intracellular copper levels (Outten et al. 2001). It has been suggested that Cu* has increased
ability to enter the cytosol than Cu?* due Cu* having a smaller charge and therefore can
pass through the lipohilic cytoplasmic membrane with greater ease then the more polar Cu®*
ion (Outten et al. 2001). ICP-MS data confirmed anaerobic growth data that TolC does not
provide a role in copper detoxification under anaerobic conditions. It is possible that another
outer membrane exporter is upregulated under anaerobic conditions that exports copper.

TolC does not directly select substrate which it exports, selection is controlled by either a
cytoplasmic transporter or a membrane fusion protein that associate with TolC depending on
the mechanism of export. If a cytoplasmic transporter is providing selection the substrate is
transported directly from the cytosol to the external environment (switch mechanism). If the
membrane fusion protein provides selection it binds the substrate to be transported within
the periplasm and associates with TolC which then exports the substrate (funnel
mechanism, Kim et al. 2011). It is likely that the selective component of the TolC copper
efflux system does not bind copper under anaerobic conditions or more specifically Cu®.
Under anaerobic conditions Cu'* is prevalent, whereas under aerobic conditions Cu®" is
present. Therefore based on the data obtained it can be inferred that TolC is a Cu** specific
transporter. Experimental evidence for a Cu?* specific exporter has not previously been
reported, although the existence of potential Cu?* exporters have been suggested (Whittal et
al. 2000). Cu" transporters have been identified in several Gram negative bacteria including
the exporters: CopA, CopB, GolT, CusA and CusC found within E. coli, S. Typhimurium and
Enterococcus hirae (Outten et al. 2001, Osman et al. 2013, Solioz and Odermatt 1994). The
cytosol maintains a reduced environment through the buffering action of glutathione and
thredoxin. Copper present within the cytosol is reduced to Cu®; consequently copper
exporting ATPases within the cytoplasmic membrane are Cu” specific. The Cu” specific
nature of CusC is potentially determined by the cytoplasmic transporter CusA that exports
copper from the cytosol with CusC exporting Cu” across the periplasmic membrane. Also
CusF binds Cu" in the periplasm and may directly receive Cu* from a cytoplasmic exporter to

prevent oxidation of Cu* to Cu®*. The model of the Cus system suggests that the TolC efflux
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system present in S. typhimurim does not obtain Cu” from the cytosol and that it follows a

funnel mechanism, obtaining copper from within the periplasm.

TolC was also investigated for its capability to export zinc, nickel and cobalt cations.
Endpoint tolerance assays revealed no difference in tolerance between SL1344 and AtolC
(figure 5.8). To further analyse the ability of TolC to export zinc, nickel and cobalt, ICP-MS
analysis of cellular metal contents was performed using cultures grown at sub-lethal
concentrations of these cations (table 5.2). ICP-MS data showed no difference in
accumulation of zinc, nickel and cobalt between SL1344 and AfolC. Previous work identified
a S. Typhimurium AfolC strain to have reduced tolerance to copper and zinc (Nishino et al.
2007). No difference in tolerance or accumulation of zinc by a tolC mutant was seen in this
study to SL1344. A tolC mutant only exhibited both reduced tolerance and increased
accumulation of copper not zinc, nickel or cobalt. Nishino et al. (2007) used a different strain
of S. typhimuirum, 14028s, which could explain the difference in zinc tolerance.

5.12.2 TolC does not provide copper tolerance or homeostasis by interacting with
CopA or GolT

This study has identified TolC provides copper export under aerobic conditions. It is known
that TolC is required to associate with a cytoplasmic transporter and membrane fusion
protein to export a substrate. The creation of a AcopA/AgolT/AtolC strain identified that a
tolC mutation gives a reduction in copper tolerance to that of AcopA/AgolT. Previously it had
been shown that AcopA/AgolT has extreme sensitivity to copper (Osman et al. 2010). The
addition of a tolC mutation to AcopA/AgolT resulted in a strain hypersensitive to copper
exhibiting a 2 log decrease in survival in comparison to a AcopA/AgolT strain when grown on
copper-containing agar plates (figure 5.8). Liquid tolerance assays both as endpoint and
growth curves also confirmed a significant reduction in growth of a AcopA/AgolT/AtolC
compared to AcopA/AgolT in the presence of copper (figures 5.6 and 5.7). Copper
accumulation was investigated to analyse if the addition of a tolC mutation to copA/golT
double mutant affected copper export for cultures grown at non-toxic copper levels. ICP-MS
analysis of cellular copper contents was performed with SL1344, AtolC, AcopA/AgolT and
AcopA/AgolT/AtolC, it is noted that these cultures were grown at a lower concentration of
copper (0.25 uM) than when AtolC copper contents were analysed (figure 5.9, 10 uM). A 10
UM CuSO, concentration would give reduced growth of AcopA/AgolT/AtolC and
AcopA/AgolT (figure 5.6) consequently a non-toxic concentration of 0.25 uM CuSO, was
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used. A slight increase in copper accumulation was seen between AcopA/AgolT/AtolC and
AcopA/AgolT but there was no significant difference between the strains (p=0.17). The lack
of significant difference for copper quota between AcopA/AgolT/AtolC and AcopA/AgolT
could be due to TolC not contributing to copper export at a low concentration of copper as
0.25 yuM, and is only required at a higher copper concentration such as 10 uM. This data
indicates that CopA and GolT provide copper detoxification at a lower level of copper stress
than TolC (<0.25 puM). This confirms previous work that shows copper is tightly regulated
within the cytosol due to its ability when uncomplexed to disrupt iron sulphur clusters and
catalyse the formation of hydroxyl radicals (Changela et al. 2003, Macomber an Imlay 2009).
TolC associated copper tolerance is observed between 0.25-10 uM CuSO,. Copper cannot
be tightly regulated within the periplasm due to its porous nature. Small open channels,
termed porins, are present within the outer membrane and enable diffusion of small
molecules less than 600 Da in size including ions and solvents. It is believed that metals
enter Salmonella down a concentration gradient though porins within the outer membrane
(Nikado 1994). The cytoplasmic membrane contains only regulated channels providing
greater control of what enters the cytosol. The periplasm is expected to have a greater
copper concentration than the cytosol due to passive diffusion of copper from a copper rich
environment through porins into the periplasm. Outten et al. (2001) suggested that the cue
system is the principal copper detoxification system under aerobic conditions and only when
the cue system is saturated is the cus system upregulated providing detoxification of the
periplasm. Similarly, Salmonella upregulation of TolC to export copper from the periplasm
may occur upon toxic levels of copper within the cytosol. The non-activity of TolC at low

levels of copper may encourage retaining copper required for cuproproteins by Salmonella.

The additive nature of a tolC mutation to a copA/golT double mutant indicates that these
copper homeostatic proteins do not form an efflux system consisting of TolC as the outer
membrane exporter and either CopA or GolT as a cytoplasmic pump. It is possible for
CopA/GolT and TolC to indirectly function together for copper detoxification of S.
Typhimurium but non-specifically. Possible interaction of CopA, GolT and TolC are shown in
(figure 5.21). The periplasm mirrors the environmental conditions in the external
environment. A potential source of Cu®" for TolC to export include Cu* exported into the
periplasm that is oxidised to Cu** under aerobic conditions by the actions of the multicopper
oxidase CueO. It is unlikely CopA or GolT directly supply TolC based on data obtained in
this study and that CopA/GolT are thought to export Cu”.
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Figure 5.21 Possible alignments and interactions of TolC and CopA or GolT in S. Typhimurium

The additive nature of a tolC mutation to a copA/golT double mutation indicates that TolC does not
exclusively function with CopA or GolT eliminating that they combine to form an efflux system
exporting copper (A). CopA or GolT could export copper into the periplasm where a membrane fusion
protein could bind copper, recruit a cytoplasmic translocase and in turn recruit TolC to enable export
of copper (B). CopA and GolT provide a key role in copper export but are not the sole suppliers of
copper to the membrane fusion protein. TolC may directly receive copper pumped out of the cytosol
by another exporter, or receive copper bound to a membrane fusion protein that obtained copper from
the actions of CopA/GolT (C). TolC and CopA/GolT may be part of independent copper detoxification
systems, TolC could associate with an alternate cytoplasmic transporter that does not export copper
and TolC acquires copper from the periplasm; and CopA/GolT may associate with an alternate outer

membrane factor to remove copper from the periplasm (D).
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5.12.3 TolC does not require CueO to provide copper tolerance under aerobic

conditions

Data obtained during this study identified that TolC provides copper tolerance under aerobic
conditions and not anaerobic conditions. TolC may be a Cu®* transporter that is unable to
transport Cu®. The multicopper oxidase CueO converts Cu* into Cu?* within the periplasm
which is thought to reduce the ability of copper to re-enter the cytosol (Outten et al. 2001,
Grass and Rensing 2001). Cu®* has increased polarity and therefore reduced ability to cross
the lipophilic cytoplasmic membrane than the less charged Cu®. Both Ato/C and AcueO had
similar copper tolerance both exhibiting increased killing in comparison to SL1344 under
aerobic conditions for endpoint growth assays and copper-containing LB agar plate assays
(figures 5.14 and 5.15). AtolC/AcueO had increased copper sensitivity than either AtolC or
AcueO. The additive nature of TolC and CueO copper detoxification mechanism indicates
that TolC is not reliant upon CueO to convert Cu* into Cu®* within the periplasm. As
previously stated, copper in aerobic cultures will be in a Cu** oxidation state; Cu* that enters
the periplasm from the external environment and can be removed by TolC. The reduced
copper tolerance of a cueO mutant highlights the importance of a multicopper oxidase
oxidising Cu* into Cu® with respect to copper detoxification. In the absence of CueO TolC
still receives Cu®* but in the presence of CueO it is likely a greater proportion of the
periplasmic copper content is Cu®* and therefore can be exported by TolC and reduces the
movement of Cu” into the cytosol, enhancing copper tolerance of S. Typhimurium.
AtolC/AcueO has an extremely low copper tolerance, lower than that of AcopA/AgolT which
has previously been identified to have extreme sensitivity to copper (Osman et al. 2010).
This emphasises the importance of detoxifying copper from the periplasm. The main sites of
copper toxicity: DNA, proteins and metalloproteins are located within the cytosol. It is
possible copper detoxification of the periplasm is important as a preventative measure to
reduce copper entry into the cytosol. Alternately copper could have harmful affects upon

periplasmic components of S. Typhimurium.

The use of copper as an antimicrobial surface agent provides killing within minutes of adding
bacteria to a copper surface (Espirito Santo et al. 2011). The speed of bacterial killing
indicates that the mechanism of killing is damage to the outer membrane. Current copper
toxicity profiles are only present within the cytosol but none of which result in killing within
such a short period of time. The exportation of copper from the periplasm may be important

to prevent fatal damage to the outer membrane. The novel finding that Ato/C/AcueO has
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reduced copper tolerance than AcopA/AgolT highlights the importance of periplasmic copper

detoxification often over-looked by current copper detoxification models.

It has been shown that under anaerobic conditions a cueO mutant of S. Typhimurium has
much greater copper toxicity than under aerobic conditions (Achard et al. 2010). Under
anaerobic conditions copper within the external environment and therefore the periplasm will
be present as Cu’. TolC is unable to function under anaerobic conditions possibly due to the
lack of Cu®*. As previously stated TolC does not specifically acquire copper from CueO.
Once CueO converts Cu* into Cu®, due to the oxidising environment in the periplasm, Cu®*
may not reach TolC before being reduced back into Cu* (Depuydt et al. 2012). Both AcueO
under anaerobic conditions and Atol/C/AcueO under aerobic conditions have a similar low
tolerance to copper. In this study a Ato/C/AcueO incubated under aerobic conditions on
copper-containing LB agar plates could not survive at 2 mM CuSQO,. Achard et al. 2010
showed that SL1344 AcueO grew under anaerobic conditions on copper-containing LB agar
plates could not survive at 2 mM CuSOQO,. The extreme anaerobic copper sensitivity of a
cueO mutant under anaerobic conditions could be due to TolC not providing copper export in
the presence of Cu®. The removal of CueO nullifies the ability of S. Typhimurium to remove
copper from the periplasm under anaerobic conditions and would explain the hypersensitive
phenotype exhibited by a cueO mutant under anaerobic conditions that is not seen under

aerobic conditions.

5.12.4 CueP does not provide a role in copper tolerance or homeostasis within S.
Typhimurium

Previous work has identified the periplasmic copper binding protein CueP within S.
Typhimurium (Pontel and Soncini 2009, Osman et al. 2010). It has been reported that a
cueP mutant has reduced copper tolerance under anaerobic conditions (Pontel and Soncini
2009). TolC was investigated due to clustering of genes encoding TolC dependent RND
efflux systems close to genes encoding proteins with sequence similarity to cueP across
several Gram negative bacteria. Before interactions between CueP and TolC could be
investigated, the role of cueP in copper tolerance and export was verified. A cueP mutant did
not show any reduction in copper tolerance compared to SL1344 under aerobic (figures 5.16
and 5.17) or anaerobic growth conditions (figures 5.18 and 5.19) when grown in minimal or

rich media, in liquid culture or on solid media. The discrepancy of CueP not providing a role
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in anaerobic tolerance and reported by Pontel and Soncini (2009) could be due to difference
between the strains of S. Typhimurium used, SL1344 and 14028s.

When a cueP mutation was combined with a tolC mutant no difference in copper tolerance
was seen in comparison to a tolC mutant. ICP-MS analysis of metal contents also supported
that CueP does not provide a role in copper homeostasis, with a cueP mutant accumulating
a similar copper quota to SL1344. Osman et al. (2010) reported increased copper
accumulation upon exposure to higher copper concentrations than used here. A tolC/cueP
double mutant had a similar copper quota to a tolC mutant indicating no additive affect to a
tolC mutation (table 5.4). From the data gathered in this study it can be concluded that CueP
does not provide copper tolerance under aerobic or anaerobic conditions. Recently it has
been revealed that CueP is a copper chaperone for SodC, (Osman et al. 2013). The
conclusion of Osman et al. (2013) is in keeping with the tolerance data discovered in this
study, that CueP provides a role in supplying copper rather than removing copper from the
periplasm for detoxification purposes.

5.12.5 The Ges system does not provide copper homeostasis in S. Typhimurium

After discovering TolC exports copper under aerobic conditions alternate RND efflux
systems were investigated in an attempt to identify other exporters capable of removing
copper. One RND efflux system identified was the Ges system that had previously been
tested for its ability to export a wide range of substrates including: antibiotics, gold and
crystal violet (Conroy et al. 2010). The ges system is regulated by the copper/gold/sulphur
responsive regulator GolS, although this study did not include analysis of whether the Ges
system is capable of exporting copper (Conroy et al. 2010). It is known that the outer
membrane factor of the Ges system, GesC, can be replaced by TolC (Nishino et al. 2006). A
gesB/gesC double mutant was tested to examine its copper tolerance under aerobic and
anaerobic conditions (figure 5.20). No difference in copper tolerance was identified between
AgesB/AgesC and SL1344 when grown under both aerobic and anaerobic conditions. This
identified that the Ges system does not contribute to copper tolerance. It is possible that
other RND efflux systems which utilise TolC as an outer membrane factor could also export

copper such as MdtABC.
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5.12.6 Conclusions

The outer membrane exporter TolC aids copper export and tolerance in S. Typhimurium
under aerobic but not anaerobic conditions. The reduced copper tolerance of a S.
Typhimurium tolC mutant is additive to other copper homeostatic proteins such as CueO,
CopA and GolT. Although TolC does not function with the CusF like periplasmic copper
chaperone CueP. Also, TolC does not export zinc, manganese or cobalt exhibiting specificity

towards copper.
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Chapter 6

General Conclusions

The use of copper as an antimicrobial agent has been present for several years including its
use as fittings within hospitals and food processing factories (Karpanen et al. 2012, Borkow
and Gabbay 2004). Copper has been identified as a potent antimicrobial agent capable of
damaging bacteria by several mechanisms. Prior to this study a recent report identified the
use of copper by macrophages as an antimicrobial agent against intracellular E. coli (White
et al. 2009). Little information was known about the use of copper by the immune system
and whether its use varied upon the intracellular pathogen. Antimicrobials produced by
macrophages and other phagocytes have been studied intensively to gain better
understanding of how an immune response is co-ordinated to target intracellular pathogens.
Reactive species produced by macrophages have been identified to have significant
importance in controlling infection by intracellular pathogens. The interaction of copper with
reactive species was investigated to indentify if copper can potentiate the effect of reactive

species.

It was discovered by Fenton (1894) that copper and other redox capable metal ions can
catalyse Fenton chemistry by the varying oxidation states a metal ion can occupy. This study
confirmed previous work that copper can potentiate Fenton chemistry by the addition of
copper to hydrogen peroxide. A AcopA/AgolT copper homeostasis mutant contains
significantly greater copper quota than wildtype but exhibits the same tolerance to hydrogen
peroxide (Osman et al. 2010). This confirmed that copper is complexed upon uptake by S.
Typhimurium due to the numerous detrimental affects copper can have within the cytosol of
S. Typhimurium. Complexed metals have an on/off rate that determines whether the metal
stays associated with the protein/ligand or dissociates. The off rate for complexed copper is
considered low, but copper can become free for a very brief period of time. For the period
that copper is free it could catalyse Fenton chemistry or mediate damage by disrupting metal
ligand complexes particularly iron sulphur clusters (Macomber and Imlay 2010). No
difference in survival between copper homeostasis mutants and SL1344 to reactive oxygen
species stress indicates complexed copper rarely dissociates from its complexed state in
response to exposure of S. Typhimurium to these species. Alternatively, the damage caused
by hydroxyl radicals is repaired and does not overwhelm cellular repair systems. Complexed
copper is highly unlikely to partake in Fenton chemistry therefore the relative quantity of
complexed copper does not influence hydrogen peroxide mediated killing. No difference in

killing of S. Typhimurium was seen when paraquat and xanthine oxidase were combined
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with copper. This study identified copper homeostatic systems in S. Typhimurium protect
directly against copper toxicity as opposed to a potentiated affect associated with reactive

oxygen species.

Reactive nitrogen species had prior to this study been reported to release complexed copper
from the metallothionine MymT in M. tuberculosis (Gold et al. 2008). Reactive nitrogen
species antimicrobial role was investigated in copper homeostasis mutants. AcopA/AgolT
had reduced growth in the presence of reactive nitrogen species generators: ASN, GSNO
and NOCS5/7. This indicated that reactive nitrogen species could be capable of releasing
copper in S. Typhimurium due to AcopA/AgolT having reduced growth in comparison to
SL1344 S. Typhimurium and/or copper export by CopA and GolT is part of S. Typhimurium
reactive nitrogen species defence. p-galactosidase assays identified an increase in
expression of both copA or golT in response to GSNO or NOC 5/7. This implies that copper
can be released from bound ligands in S. Typhimurium in response to exposure to reactive
nitrogen species. Further work is required to conclude if reactive nitrogen species can
liberate copper from within S. Typhimurium. Further B-galactosidase assays could be
performed using a AcopA/AgolT strain containing pRSgolT. B-galactosidase assays cannot
be performed with AcopA/AgolT containing pPRScopA due to expression occurring in
response to copper levels within minimal media whereas pRSgolT expression occurs at a
higher copper concentration (Osman et al. 2011). As previously stated, AcopA/AgolT
contains higher internal copper levels than wildtype. The increased complexed copper levels
within AcopA/AgolT provide significantly greater number of targets for reactive nitrogen
species to liberate complexed copper from. This could explain why only a small increase in
expression of copA and golT promoters occurred when S. Typhimurium was exposed to
GSNO and NOC 5/7.

This study identified that the addition of copper to peroxynitrite did not influence S.
Typhimurium killing. Peroxynitrite is capable of initiating oxidation and nitration of
macromolecules without a redox agent. The addition of copper does not provide a functional
role in aiding peroxynitrite mediated toxicity. Furthermore as seen with reactive oxygen
species killing, peroxynitrite killing is not influenced by intracellular complexed copper levels

in S. Typhimurium.

Prior to the start of the study it had been identified that S. Typhimurium is exposed to copper

during intracellular infection of Raw 264.7 macrophages and that AcopA/AgolT has reduced
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growth in comparison to wildtype in resting macrophages (Osman et al. 2011). This study
aimed to further understand how copper is utilised as an antimicrobial agent and if reactive
nitrogen species contribute to the antimicrobial effects of copper within macrophages. The
activation of Raw 264.7 macrophages with IFN-y prevented replication of S. Typhimurium
and AcopA/Agol T had reduced survival than wildtype. This confirmed previous work that
activation of macrophages with IFN-y increases the antimicrobial effectiveness of
macrophages and inhibits replication of S. Typhimurium within activated macrophages
(Gilberthorpe et al. 2007, Vazquez-Torres et al. 2008). Nitrite production by macrophages
was monitored during competitive infections that confirmed IFN-y activation increases
reactive nitrogen species production; and nitrite levels increase significantly 8 hours post
infection when a copper associated antimicrobial response begins against S. Typhimurium
(Gordon et al. 2005, Erikson et al. 2003).

Inhibition of INOS by the addition of the competitive inhibitor L-NMMA did not change the
survival of AcopA/AgolT during infections of IFN-y activated macrophages. Replication of
wildtype S. Typhimurium was seen but AcopA/AgolT could not replicate. Therefore, in the
absence of reactive nitrogen species AcopA/AgolT still encounters a copper associated
antimicrobial response. These data identified that iINOS activity is not associated with the
need for S. Typhimurium copper export during macrophage infection. To identify if
macrophages are utilising copper from the surrounding environment for bactericidal activity
macrophages were grown under copper limited conditions. Intracellular survival of wildtype
and AcopA/Agol T was analysed in macrophages grown in the presence of the copper
chelator BCS. AcopA/AgolT survival increased upon BCS addition to DMEM to a similar
viable count as wildtype. This identified that bactericidal activity in macrophages is directly

associated with environmental copper availability.

Real-time PCR confirmed that during infection of IFN-y activated and IFN-y and L-NMMA
treated macrophages, copA and golT are expressed at 12 and 24 hours post infection in
intracellular S. Typhimurium consistent with an increased bacterial copper load. S.
Typhimurium infection of macrophages pre-treated with IFN-y and BCS did not exhibit
significant changes in copA and golT expression. Real-time PCR data were therefore
consistent with survival data that the requirement for copper export coincides with exposure
to copper and not reactive nitrogen species. S. Typhimurium is not exposed to a strong
copper antimicrobial response during infection of macrophages treated with BCS that would
typically activate copA and golT expression in the absence of BCS treatment. Studies

performed in parallel to this study also confirmed that the addition of BCS significantly
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reduces the antimicrobial response of macrophages against S. Typhimurium (Achard et al.
2012).

Macrophage copper quotas were analysed after growth in the presence of: IFN-y, LPS, L-
NMMA and BCS. The addition of IFN-y gave a non-significant increase in copper quota as
did LPS in comparison to untreated macrophages. This supported the work of Achard et al.
(2012) who also identified an increase in expression of copper transporters ATP-7a and Ctrl
in response to LPS exposure. L-NMMA treatment did not influence macrophage copper
guota, although BCS treated macrophages had a significantly lower copper quota. This
confirmed that BCS treatment lowers copper availability within DMEM and that macrophages
accumulate significantly less copper when grown in DMEM containing BCS. Further work is
required to identify if macrophages store copper that is mobilised during infection or if a

source of copper is required during intracellular infection of macrophages.

When a stress response is triggered within S. Typhimurium, filamentation can occur if
replication is inhibited. It has previously been identified that both reactive oxygen species
and reactive nitrogen species are capable of initiating filamentation (Schapiro et al. 2003,
Rosenberger et al. 2004). Overnight cultures of S. Typhimurium were grown in the presence
of reactive nitrogen species and copper. Filamentation of S. Typhimurium in response to
GSNO and NOC5/7 was confirmed in this study. Incubation of S. typhimurim in the presence
of a CuSQ, concentration (7.5 mM) that inhibits S. typhimurim growth rate induces
filamentation. It has previously been reported that S. Typhimurium undergoes filamentation
within the Salmonella containing vacuole (Osman unpublished, Rosenberger et al. 2002).
Similar levels of filamentous intracellular S. Typhimurium were visualised by fluorescent
microscopy of IFN-y, IFN-y and L-NMMA treated macrophages. This identified that reactive
nitrogen species alone do not trigger filamentation of S. Typhimurium, due to L-NMMA
treatment not altering the number of intracellular filamentous S. Typhimurium during infection
of macrophages. A significant drop in filamentous intracellular S. Typhimurium, however was
seen after BCS treatment of macrophages. This is a novel discovery that a copper
antimicrobial response during intracellular infection of macrophages can stimulate
filamentation of S. Typhimurium. How copper triggers filamentation is currently unknown and
it would be interesting to investigate a possible role for SOS regulator SulA (Mukherjee et al.
1998).
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Currently there is no known outer membrane transporter of copper within S. Typhimurium.
This study investigated TolC as a potential copper exporter. Nishino et al. (2007) originally
identified that TolC provides a role in copper tolerance, this study built upon this finding. The
data obtained in this study confirmed TolC provides a role in copper tolerance under aerobic
conditions and a role in copper export at non-toxic copper levels under aerobic conditions.
However, TolC does not provide copper tolerance, or reduce the cellular copper load in S.
typhimurim under anaerobic conditions. This suggests that TolC only exports Cu?* that is
predominantly present under aerobic conditions and cannot export Cu® predominantly
present under anaerobic conditions. Due to the reduced nature of the cytoplasm it is likely
TolC obtains copper from the periplasm where Cu®" is more abundant, by the proposed
funnel mechanism, and not from the cytosol where Cu® is abundant (Kim et al. 2011). TolC
was identified to not provide a role in tolerance or export of zinc, nickel or cobalt showing
specificity for copper under aerobic conditions. Future work would be to create inverted
vesicles containing purified TolC to identify if TolC exports Cu** and not Cu® into the inverted
vesicles. Also, to identify the contribution to copper export of other RND efflux systems that

require TolC.

TolC was also investigated to identify if TolC functions in combination with other copper
homeostatic proteins. By the combination of tolC mutations with other copper homeostatic
mutants it has been concluded that TolC functions independently of the known copper
homeostatic proteins in S. Typhimurium such as: CopA, GolT, CueO and CueP. TolC may
function in parallel to the actions of CopA and GolT pumping Cu® from the cytosol which if
oxidised potentially by CueO then TolC can then export Cu?*. The addition of a tolC mutation
to strains lacking copA/golT and cueO gave reduced copper tolerance and survival,
indicating separate copper detoxification pathways. Therefore TolC does not require CopA
or GolT to provide a source of Cu® or CueO to convert Cu* to Cu®. TolC still receives Cu** in
the absence of CueO most likely from Cu® entering the periplasm from the external
environment or the oxidation of Cu” exported from the cytosol due to the oxidising nature of
the periplasm under aerobic conditions (Beswick et al. 1976). But if a tolC and cueO
mutation is combined the cueO/tolC double mutant has a hypersensitivity to copper greater
than that of a copA/golT double mutant. This has identified the importance of copper
detoxification within the periplasm of S. Typhimurium; and offers a new copper homeostasis
perspective in comparison to the continued focus on the importance of cytosolic copper

homeostasis.
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In conclusion this study has identified that a macrophage's copper antimicrobial response
does not require reactive nitrogen species and is dependent on copper uptaken from the
surrounding environment. The requirement for S. Typhimurium copper export in
macrophages is associated with a requirement to detoxify copper rather than supply for
superoxide dismutase activity to protect against reactive oxygen species. TolC is capable of
exporting copper under aerobic conditions contributing to tolerance and detoxification but not

under anaerobic conditions.
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