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ABSTRACT 
 
 

The innate immune system functions to limit the spread of bacteria during an 

infection. This is achieved through a highly complex assault on infiltrating pathogens. One 

such mechanism is the production of reactive oxygen species. D-amino acid oxidase is an 

emerging player in the innate immunity as it is capable of producing bactericidal 

concentrations of reactive oxygen species. Pathogens have evolved an array of strategies to 

protect themselves against the innate immune system. This work focusses on two bacteria 

relevant to human health that have evolved two distinct D-amino acid transporters to evade 

reactive oxygen species produced by D-amino acid oxidase. The Salmonella specific gene, 

DalS, was found to be co-regulated with the Salmonella Pathogenicity Island-2, a known 

virulence determinant. DalS is the periplasmic binding domain of a D-alanine ATP Binding 

Cassette transporter capable of sequestering substrate away from D-amino acid oxidase 

during Salmonella-neutrophil infections. This work demonstrates a novel host-pathogen 

interaction that enhances Salmonella survival during an infection. The second transporter, 

cycA, is conserved across diverse taxa and transports D-alanine and D-serine. This work 

determined that uropathogenic E. coli uses CycA to sequester D-serine away from DAO 

during ascending urinary tract infections, and moreover provides another example of how 

pathogens protect themselves against DAO. Together, these findings contribute to the 

understanding of the intricate set of virulence strategies of two pathogens that have a 

significant impact on human health worldwide. 
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INTRODUCTION 

 

1 - Impact of Salmonella and UPEC 

 

The human gastrointestinal tract is colonised with a diverse flora of commensal 

bacteria that are critical for the health of the individual with estimates suggesting 

approximately an equal ratio of bacterial cells to human cells (1). Pathogens have evolved to 

displace commensals and occupy important niches, potentially causing severe damage to the 

gut, and spread throughout the host to systemic sites. These strategies can result in minor 

dysbiosis or gross pathology resulting in significant harm to the host. The innate immune 

system has evolved to prevent pathogens from gaining entry to sensitive sites within the host, 

however pathogens have also evolved to circumvent these antimicrobial insults. D-amino 

acid oxidase (DAO) forms one arm of the innate immune system and will be a major focus of 

this thesis. Although there are many pathogens relevant to human health this work focuses on 

two that directly interact with the DAO specific tissues, Salmonella enterica (S. enterica) and 

uropathogenic Escherichia coli (UPEC).  

 

1.1 - Health Burden of Salmonella enterica 

 Salmonella are Gram-negative pathogens that can be divided into two main species, 

Salmonella bongori (S. bongori) and S. enterica (2). The Salmonella genus is estimated to 

have diverged from Escherichia coli (E. coli) approximately 120 million years ago (3). While 

S. bongori is a reptile restricted pathogen (4), S.  enterica is capable of colonising a broad 

spectrum of hosts and is comprised of over 2500 different serovars, further divided into six 
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subspecies: enterica, salamae, arizonae, diarizonae, houtenae, and indica (3). A subset of 

these serovars are of particular interest with regards to human health as they can cause a 

range of diseases (5). S. enterica Typhimurium (S. Typhimurium) is a mammalian specific 

pathogen and presents as self-limiting gastroenteritis (6). There is a significant global impact 

of gastroenteritis due to these pathogens with over 90 million cases, over 150 000 deaths, and 

associated cost in the billions each year (5). S. enterica Typhi and Paratyphi are human 

adapted pathogens and present as the more severe typhoid fever. These strains are 

responsible for over 20 million infections and 216 000 deaths annually with most cases 

occurring in under developed countries in south-central and south east Asia (7, 8). Recently it 

has been demonstrated that Non-Typhoidal Salmonella (NTS), such as S. Typhimurium 

ST313, are clinically associated with invasive systemic disease rather than gastroenteritis in 

immune comprised individuals resulting in death of 20-25% of infected individuals (9, 10). 

Furthermore, the DT104 strain has been linked to several foodborne outbreaks in North 

America further generating interest in Salmonella research. This strain is of particular 

importance due to its resistance to ampicillin, chloramphenicol, tetracycline and several other 

antibiotics (11). 

 S. Typhimurium functions as a model organism as it results in an acute intestinal 

infection in humans but a typhoid like infection in mice (12). Infected mice fail to control the 

intestinal infection and permit bacteria to spread to secondary systemic sites within the 

mouse where they survive, replicate, and can continually re-seed the gut with bacteria (13). 

This strain is a robust model for gastrointestinal infections and will be the main Salmonella 

model used in this work.  
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1.2 – Health Burden of uropathogenic Escherichia coli 

E. coli are Gram-negative, facultative anaerobes and play a significant role in human 

health. E. coli predominately exist as a commensal residing in the gastrointestinal tract, 

however some species have evolved to become pathogens (14), broadly characterised as 

diarrheagenic E. coli or extraintestinal pathogenic E. coli (ExPEC) (15). While diarrheagenic 

E. coli are typically restricted to the intestine and give rise to gastroenteritis (16), ExPEC can 

exist in the gut with no consequence but migrate and cause disease in other host niches such 

as the central nervous system, blood, and urinary tract (17). 

Diarrheagenic E. coli can be characterised into six distinct groups of bacteria defined by 

the set of virulence factors they encode (pathotypes); enteroaggregative E. coli (EAEC), 

enteroinvasive E. coli (EIEC), enterotoxigenic E. coli (ETEC), enteropathogenic E. coli 

(EPEC), enterohemorrhagic E. coli (EHEC), and diffusely-adherent E. coli (DAEC), based 

on the pattern of virulence factors used to inflict disease (16). The ExPEC predominately 

implicated in urinary tract infections (UTIs) does not have a distinct pathotype but has been 

designated UPEC for consistency (18). Although no formal pathotype designation exists for 

UPEC strains it is important to note that only a subset of E. coli can colonise the urinary tract 

suggesting that some combination of virulence factors is necessary (19). Of the over 200 

known strains of UPEC only 50% can be subcategorised into six pseudo pathotypes 

suggesting a wide range of virulence factors capable of supporting infection (19). This 

variance is important as it makes treatment and the tracking of infections difficult (19).  

UPEC are commonly associated with human disease resulting in 75-90% of all urinary 

tract infections (20). The remaining 10-25% of UTIs are caused by (in order of prevalence) 
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Klebsiella pneumoniae, Staphylococcus saprophyticus, Enterococcus faecalis, group B 

Streptococcus (GBS), Proteus mirabilis, Pseudomonas aeruginosa, and Staphylococcus 

aureus. Transmission usually occurs through contact of fecal matter with the periurethral 

area followed by bacterial ascension to the bladder resulting in cystitis (21). Disease 

prevalence is increased in females due to the close proximity of the anus and periurethral 

opening with incidences peaking in their early 20’s and after the age of 85 and with 25% of 

these women experiencing a recurrent infection within 6 months (22). If gone untreated 

UPEC can ascend to the kidneys and establish a secondary more serious infection termed 

acute pyelonephritis (21). There are approximately 150-million UTI cases annually 

worldwide and an estimated 3-billion-dollar annual burden on the health care system in the 

United States alone (23, 24). 

 Similar to Salmonella Typhimurium in the gut, UPEC serves as a model for acute 

UTIs. Two common isolates of UPEC are typically used during a murine UTI model, 

CFT073 (25) and UTI89 (26). CFT073 was isolated from a human pyelonephritic infection 

and was used in all the UPEC modeling work described in this thesis.  

 

2 - Pathogenesis of S. Typhimurium and uropathogenic E. coli 

 

2.1 - S. Typhimurium infection and pathogenesis 

 Typically contracted as a zoonotic infection through contaminated food or water, S. 

Typhimurium passes through the stomach using a series of acid tolerance mechanisms and 

reaches the small intestine (27). Here, Salmonella has evolved several mechanisms allowing 

for the breach of the protective epithelial layer and access to the lamina propria, a region in 
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which Salmonella can target and hijack immune cells providing a replicative niche where 

they can evade the immune system (28). Salmonella can target specialised epithelial cells, 

termed microfold cells (M cells), found exclusively in the Peyer’s Patch that are responsible 

for ushering bacteria to waiting immune cells (29). Using a type three secretion system 

(T3SS) encoded on the Salmonella Pathogenicity Island 1 (SPI-1) Salmonella can also enter 

non-phagocytic epithelial cells in a process termed bacterial-mediated endocytosis (30). This 

T3SS secretes effectors that cause cytoskeleton rearrangements and membrane ruffling 

allowing for Salmonella to invade these cells and develop within a Salmonella-containing 

vacuole (SCV) (31). The SPI-1 T3SS has also been implicated in the translocation of an 

effector, SopB, which forces an epithelial–mesenchymal transition of follicle associated 

epithelia enterocytes into M cells (32). Additionally Salmonella can access the lamina 

propria through epithelial tight junctions or through direct sampling by dendritic cells (33, 

34). The sheer number of pathways Salmonella uses to pass the epithelial layer indicates an 

importance to gain access to the lamina propria. 

 Neutrophils and macrophages engulf Salmonella as they enter the lamina propria 

(30). Once inside, Salmonella exists in the specialised SCV compartment and are almost 

immediately subjected to antibacterial pressures (35). These include restriction of space and 

nutrients, decrease in pH, and exposure to antimicrobial peptides and reactive oxygen species 

(ROS) (36–39). Salmonella has evolved a second T3SS encoded on the Salmonella 

Pathogenicity Island 2 (SPI-2) which aids in vacuolar survival (40). The two-component 

system SsrA-SsrB acts as the primary regulatory input responsible for expression of genes 

within  SPI-2, and through a process termed cis-regulatory evolution, additional genes 

throughout the chromosome have come under the regulatory control of SsrA-SsrB (41). 
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Together these virulence factors allow for Salmonella to survive within these immune cells.  

Although initial engulfment rates appear to be similar between neutrophils and macrophages, 

very rapidly the Salmonella population decreases within macrophage resulting in a higher 

proportion in neutrophils (42). This suggests a failure to clear Salmonella by neutrophils and 

a preferred replicative niche during infections.  

 Salmonella uses these immune cells to spread systemically throughout the host 

eventually colonising the spleen and liver (43). Within the liver Salmonella can descend to 

the gall bladder where it forms biofilms and can continually re-seed the gut through the bile 

duct, resulting in a persistent infection and dissemination through fecal matter (12). 

 

 

2.2 - UPEC infection and pathogenesis 

 UPEC infections are typically initiated through the migration of ExPEC from the 

gastrointestinal tract to the periurethral area (21). UPEC can then colonise the urethra and 

using a subset of the thirty-eight identified pilus operons UPEC migrates to the bladder (44). 

Type 1 pili and pyelonephritis-associated (P) pili are essential for colonization, invasion, and 

persistence of UPEC (45). Type 1 pili are tipped with the adhesion FimH and recognise 

mannosylated uroplakins to initiate invasion into umbrella cells (46). Pili binding triggers a 

signal transduction which causes an actin rearrangement leading to internalization of UPEC 

(47, 48). The uroepithelium can defend from UPEC invasion by utilising a toll like receptor 4 

(TLR-4) dependent expulsion mechanism which allows for the exocytosis of vacuolar UPEC 

(49). Through an unknown mechanism UPEC can prevent this by exiting the vacuole into the 

cytosol and through rapid replication form an intracellular bacterial community (IBC) (50, 



Ph.D. Thesis – B. Tuinema; McMaster University – Biochemistry and Biomedical Sciences 

 8 

51). In addition, UPEC can undergo morphological changes to evade the immune system. By 

blocking septation and cell division a subpopulation of UPEC in IBCs can become 

filamentous and upon release from umbrella cells are more resistant to engulfment by 

neutrophils (52). UPEC uses the toxin ⍺-haemolysin to promote pore formation in bladder 

umbrella cells allowing for the acquisition of essential nutrients and further exfoliation of 

these host cells (53). During exfoliation the umbrella cell detaches from the epithelium and is 

cleared from the urinary tract allowing for the spread of UPEC to other hosts (46). The 

removal of these umbrella cells also exposes the transitional cells that form the lower layer of 

the epithelium. UPEC can colonise this exposed layer directly and form quiescent 

intracellular reservoirs (QIRs) which contain 4-10 bacteria and can remain viable for several 

months re-seeding the bladder resulting in recurrent urinary tract infections (54). A UPEC 

infection of the bladder is summarised in Figure 1.1. 

 It has been well documented that subpopulations of UPEC use flagella to ascend the 

ureters to the kidneys in large groups or waves (55). Similar to Type-1 pili, P pili play a 

major role in colonization of UPEC in the kidneys (56). P pili are tipped with the adhesion 

PapG which binds globosides containing glycolipids found in the kidneys. In addition, PapG 

interacts with TLR-4 to reduce the polymeric immunoglobulin receptor expression. This 

reduces the transport of immunoglobulin A through the lamina propria to the kidney lumen 

and in turn UPEC is further protected from the innate immune system (57). Neutrophils are 

targeted to the site of infection and transverse the submucosa and the epithelium to eliminate 

UPEC (58). Murine models artificially depleted of neutrophils fail to clear UPEC. If gone 

untreated UPEC can spread systemically to the blood and spleen eventually leading to sepsis 

(58). 
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3 - Innate Immunity 

 

A major aspect of the life cycle of both Salmonella and UPEC involves subversion of 

the innate immune system to either remain undetected or protect against antibacterial factors 

employed by the host. The innate immune system is a complex system of physical barriers, 

such as the gut epithelium, and immune cells that functions to control the infiltration of 

pathogens. Unlike the adaptive immune system which provides long lasting protective 

immunity, the innate immune system provides an immediate defense and is found in all 

classes of plant and animal life (59). The innate immune system is an evolutionarily older 

defense system responsible for the identification of microorganisms, recruitment of immune 

cells, and subsequent removal of these foreign objects (60, 61). In addition, the innate 

immune system serves as an anatomical barrier restricting foreign objects from gaining 

access to sensitive tissue and further presents antigens to the adaptive immune system (62). 

Collectively the innate immune system establishes what is the host “self” and what is foreign 

“non-self”. 

 

3.1 - Leukocytes 

Key players in the innate immune system are leukocytes. These cells are part of a 

large collection with each type having a distinct role ranging from early defense against 

invading pathogens to the sampling of antigens from the gut lumen and presenting these 

antigens to develop a strong adaptive immune system. Leukocytes typically circulate in the 

blood and are targeted to infection sites (63). These cells can be subcategorised into 
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lymphocytes and myeloid cells. Lymphocytes consist of natural killer cells, which serve to 

eliminate virus particles and cancer cells, and T and B cells which are the major component 

of the adaptive immune system (64). Myeloid cells are a more diverse class of immune cells. 

These cells include monocytes, basophils, eosinophils, and neutrophils (65). Monocytes are 

the largest white blood cell (WBC) and upon exit of the bloodstream they differentiate to 

macrophages and serve to remove large debris and invading pathogens (66). Basophils are 

mainly responsible for initiating the allergic response but have been shown to release 

chemical signals to attract neutrophils to infection sites (67). Eosinophils primarily remove 

invading parasites and are inflammatory during an allergic reaction (68). Neutrophils are the 

most abundant WBC and will be covered in depth below. A subcategory of myeloid cells are 

targeted to specific areas and remain there, one example of this is the dendritic cell (DC). 

DCs reside primarily within the lamina propria and function to sample antigens through the 

tight junctions of the adjacent epithelia cells using long dendrites presenting antigens to the 

adaptive immune system (69). Collectively myeloid cells help protect the host and limit the 

spread of invading pathogens. 

 

3.2 - Neutrophils, phagocytosis, and bacterial clearance 

 Neutrophils or polymorphonuclear cells (PMN) are recognised as the major player in 

acute bacterial infections (70). Typically the first leukocytes recruited to the site of infection, 

neutrophils help dampen the initial infection (71). In the bone marrow, pluripotent 

hematopoietic cells are exposed to growth factors and cytokines and differentiate into 

myeloblasts and further mature resulting in the production of neutrophils (72). Neutrophils 

are short lived, usually circulating on the order of hours, but upon infection they are able to 
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extend their lifespan several fold (73). During homeostasis in the host, neutrophils proliferate 

in the bone marrow and patrol the bloodstream (74). Neutrophil reservoirs can be found in 

the lungs, liver, and spleen but it is unclear why they congregate in these locations (75). Once 

a pathogen has breached an anatomical barrier neutrophils are recruited to the site of 

infection. This occurs through changes on the surface of endothelium caused by the release 

of inflammatory mediators, such as histamine, chemokines, and cytokines, by sentinel 

leukocytes present in the tissue or through direct pathogen detection by pattern-recognition 

receptors (PRR) (70, 76, 77). This results in the neutrophil recruitment cascade which is 

composed of the following steps: tethering to the surface endothelia, rolling, adhesion, 

crawling, and transmigration at the site of infection (70).  Under physiological conditions it is 

believed that neutrophils are targeted to the spleen and cleared from circulation (78). 

However during a bacterial infection a large subpopulation of neutrophils hone to the spleen 

and remain there, the relevance of this is unclear. 

Once in the interstitial space neutrophils are exposed to a milieu filled with 

chemoattractants and inflammatory stimulants that establish a chemotaxis gradient (79). 

Using receptors, neutrophils follow this gradient to the site of infection (80, 81). Here the 

primary function is to eliminate the pathogen using phagocytosis, granular proteins, 

antimicrobial peptides, and ROS producing enzymes (71).  A subset of these antimicrobials 

are stored in specialised compartments termed granules and include lysozyme, 

myeloperoxidase (MPO), elastase, and lactoferrin (82). As neutrophils become activated, 

their granules begin to fuse with the outer or phagosomal membrane, eventually releasing 

their contents into the respective environment (83). In addition to granule proteins, 

neutrophils also express proteins that directly interact with bacteria. These proteins, or 
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antimicrobial peptides (AMPs), are typically cationic allowing for the interaction with 

microbial surfaces potentially forming pores and destabilising the membrane (84). Of the 

over 800 identified AMPs, neutrophils mainly express ⍺-defensins and cathelicidins, 

predominately LL-37 (71).  

ROS production is perhaps the most important and well-studied antimicrobial 

mechanism employed by neutrophils. Patients with mutations in most neutrophil killing 

mechanisms fail to present any symptoms whereas patients that lack functional NADPH 

oxidase (chronic granulomatous disease, CGD) suffer severe consequences (85). As 

neutrophil activation reaches a maximum, specific granules fuse with membranes initiating 

the oxidative burst. This fusion permits the assembly of the NADPH oxidase complex which 

allows for the production of ROS. NADPH oxidase is a complex of two transmembrane 

proteins (gp91phoxand p22phox which together form the large heterodimeric subunit 

flavocytochrome b558), three cytosolic phox subunits ( p40phox, p47phox, p67phox), and one 

guanine triphosphatase (either Rap1A or Rac2) that collectively reduces molecular oxygen to 

superoxide (86), which in turn rapidly dismutates to hydrogen peroxide (H2O2) (87). Once 

inside the phagosome, MPO quickly converts H2O2 to hypochlorous acid which is believed to 

react with host proteins generating antimicrobial chloramines (88). During this ROS cascade 

the production of H2O2 is rate limiting (89) suggesting an auxiliary source of H2O2 would be 

beneficial. This supplementary source of H2O2 may be produced by D-amino acid oxidase 

(DAO), a host oxidase which will be discussed in more detail below. 

Neutrophils can also undergo a form of programmed cell death termed NETosis (90). 

Neutrophil Extracellular Traps (NETs) are formed in response to a variety of pro-

inflammatory stimuli, such as LPS, IL-8, and tumour necrosis factor (TNF) and serve to 
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snare pathogens and potentially kill them (60). These web-like structures consist mainly of 

chromatin, histones, and antimicrobial systems such as NADPH oxidase and MPO (91). 

Some evidence suggests that pathogens are able to evade these NETs by expressing 

endonucleases capable of degrading the chromatin mesh (92). It is suggested that formation 

of NETs requires the production of ROS by NADPH oxidase as neutrophils from CGD 

patients fail to produce NETs (93) but this phenotype is rescued when neutrophils are treated 

with ROS (94). NETs serve as a drastic example for the importance of eliminating pathogens 

during an infection. 

As bacteria are cleared, neutrophils undergo apoptosis where their debris is 

subsequently removed by macrophages (95). This programmed cell death also functions to 

decrease the rate of neutrophil influx to the site of infection. As the neutrophil debris is 

cleared, macrophage produce anti-inflammatory signals including transforming growth 

factor-β (TGF-β) and IL-10 (95). Failure to clear apoptotic cells can lead to secondary 

necrosis and further release of pro-inflammatory signals (71). The role in neutrophil 

clearance by macrophage post NETosis remains uncharacterised. Limited research also 

suggests a small population of neutrophils can re-enter the vasculature due to a 

downregulation of an epithelial junction adhesion protein that typically prevents reverse 

migration, however the fate of these neutrophils is unclear (96).  

Neutrophils function as the first responders to bacterial infection and produce an 

arsenal of antimicrobial factors, however many pathogens have evolved a range of 

mechanisms to avoid killing by these phagocytes. Staphylococcus aureus (S. aureus) 

expresses a polysaccharide capsule that prevents phagocytosis whereas Helicobacter pylori 

and Yersinia pseudotuberculosis can disrupt targeting of NADPH oxidase and cause 
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superoxide to accumulate extracellularly (97–99). The vast range of pathogens that have 

evolved to survive clearance by neutrophils further suggests the importance these immune 

cells have during an infection. 

 

4 - D-amino acid oxidase; neurotransmitter modulator, antibacterial, and metabolic 

detoxifier 

 

 D-amino acid oxidase is a member of the flavoprotein oxidase family and was 

originally characterised in yeast cells in 1935 by Hans Krebs (100). It was one of the first 

enzymes to be described and the second flavoprotein to be discovered. DAO is a 39 kD 

enzyme that is active as a homodimer (101). It catalyses the dehydrogenation of D-amino 

acids to an imino acid and resulting in a reduced molecule of flavin adenine dinucleotide 

(FAD) (102). The reduced FAD molecule is further oxidised by molecular oxygen resulting 

in hydrogen peroxide and spontaneous reduction of the imino acid results in the production 

of an α-keto acid and ammonia (102). DAO is found in almost all eukaryotes and has been 

implicated in many roles spanning neurotransmission to regulation of the gut microbiota 

(103, 104). D-amino acids play a critical role in nature and will be discussed in depth below. 

 

4.1 – DAO modulates a neurotransmitter 

 In mammalian brains, DAO is enriched but its role remained elusive until it was 

discovered that there is a significant concentration of D-amino acids in the brain, with D-

serine being the most abundant (105). D-serine binds the N-methyl-D-Aspartate receptor and 

acts as a neurotransmitter in glial cells (106). DAO is responsible for the degradation of D-
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serine in the brain. Interestingly abnormalities in DAO function have been linked to complex 

neurological disorders such as schizophrenia. Studies have demonstrated that a DAO 

inhibitor, chlorpromazine, is also a potent schizophrenia treatment (107–109). In addition, 

the small protein encoded by the G72 gene interacts with DAO and is also linked to 

schizophrenia. Mutations in G72 result in the failure of the G72 gene product to bind DAO 

resulting in uncontrolled D-serine degradation and decreased levels of neuronal D-serine 

(110).  

 

4.2 - DAO protects against pathogens and regulates the microbiota 

 In 1969, Cline and Lehrer proposed that DAO was expressed in neutrophilic 

leukocytes and this enzyme was able to significantly reduce growth of E. coli cells following 

the addition of D-amino acids (111). E. coli growth was further reduced with the addition of 

MPO resulting in production of hypochlorous acid (111). If neutrophilic DAO is chemically 

inhibited, neutrophils are less able to clear S. Typhimurium in tissue culture (112). DAO is 

found in the granule fraction of neutrophils and upon neutrophil activation it is found to be 

associated with the plasma and phagosome membranes (113), most likely due to granule 

fusion with these membranes, however this remains to be shown. Recent work has 

demonstrated that mice lacking functional DAO succumb to S. aureus infections quicker than 

wildtype controls (114). It has also been shown that DAO is expressed in the proximal small 

intestine and is secreted by goblet cells (104). Gut localised DAO was shown to clear Vibrio 

cholera infections in the proximal small intestine most likely due to the production of ROS 

from D-amino acids in the gut. This consumption of D-amino acids in the gut may also lead 
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to changes in the intestinal microbiota selecting against Lactobacillales and selecting for 

Bacteroidales, although the mechanism remains to be determined (104).  

 

4.3 - DAO removes D-serine from serum 

DAO is found in kidney epithelial peroxisomes located in proximal tubules (115). Its 

primary role is most likely to degrade D-serine found in the blood. This degradation of D-

serine generates a large amount of ROS stress on the kidneys. Excess D-serine in the serum 

can result in kidney necrosis due to elevated ROS (116).  It has been suggested that DAO 

may also exist outside the peroxisomes as it has been found in the urine of healthy 

individuals and associated with the membrane of kidney epithelial cells (117). Kidney 

expression of DAO may be dependent on the bacterial colonization state of the host as germ 

free mice were found to have minimal DAO activity compared to conventionally colonized 

mice (118). In addition, mice infected with S. aureus are found to have elevated colonization 

in the kidney if DAO is not functional (114). Together this suggests an antimicrobial role for 

DAO within the kidneys in addition to its D-serine detoxification role. 

 

4.4 – Inhibition of DAO 

 In 1983 the first DAO mutant mouse strain was described in a ddY background. This 

strain contains a single polymorphism in the dao gene resulting in a glycine (GGG)-to-

arginine (AGG) amino acid substitution (119). The mutation in dao indeed leads to complete 

abrogation of DAO activity, however development of non-specific effects such as motor 

activity began to develop after time (120). Recently the ddY mutation was backcrossed onto 

a C57BL/6 strain resulting in a mouse strain with a better defined genetic background (104).   
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DAO can also be chemically inhibited using sodium benzoate, an aromatic compound 

that stacks next to FAD preventing oxidation of D-amino acids (102, 121). This inhibitor 

however can require a dose of up to 1000 mg/kg in rats (122). Additional aromatic inhibitors 

have been discovered that function similar to sodium benzoate but have Km values in the low 

µM range and have potential as schizophrenia treatments (122). These inhibitors include 5-

chlorobenzo[d] isoxazol-3-ol (CBIO) (105, 121), compound 8 (sc- 203909; 4H-thieno[3,2-

b]pyrrole-5-carboxylic acid (124, 125), 5-methylpyrazole-3-carboxylic acid (AS057278) 

(126), and 4-nitro-3-pyrazole carboxylic acid (NPCA) (127), as well as 3-hydroxyquinolin-2-

(1H)-one (compound 2) (128) however their in vivo half-life in mice is under 4 hours (122). 

 

5 – D-amino acids: Synthesis, Usage, and Transport 

 

L-amino acids form the building blocks of proteins in nature whereas D-amino acids, 

their chiral opposite subunits, are responsible for more specialised tasks. In bacteria, D-

amino acids are typically found extracellularly or within the periplasm, typically found in 

polymeric molecules such as peptidoglycan (PG) and teichoic acids (TA) (129). Mutations in 

D-amino acid production can lead to severe growth defects in bacteria. 

 

5.1 – D-amino acid synthesis and usage in bacteria and eukaryotes 

 Bacteria typically synthesize D-amino acids through inversion of the stereochemistry 

about the α-carbon, a reversible reaction performed by racemase or epimerase enzymes, or 

stereospecific production of the α-keto acid, also reversible but requires an amino group 
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synthesised by a D-amino acid aminotransferase (129). In stationary culture, bacteria can 

generate a diverse set of D-amino acids at millimolar concentrations (130). The production of 

D-alanine is of great significance as D-alanine, as well as other D-amino acids, are integral in 

the structure of peptidoglycan. The interconversion of L to D-alanine involves the formation 

of a pyridoxal-phosphate α-amino acid carbanion, within the active site of the racemase, 

which can randomly accept a proton to either chiral face yielding either a D or L-amino acid 

(131). This mechanism allows for a 1:1 equilibrium of D to L-amino acids (132).  

Interestingly Salmonella contains two D-alanine racemases dadB and arl that are each 

sufficient for bacterial survival in media lacking D-alanine, although DadB has a Vmax 

approximately 60-fold higher than Arl (133, 134). Newly synthesised D-alanine can undergo 

subsequent conversion back to L-alanine, become ligated to a second D-alanine residue 

forming a D-ala-D-ala dipeptide crucial for the formation of peptidoglycan, or be degraded to 

pyruvate using the D-alanine dehydrogenase DadA (132).  

It is important to note that unlike bacteria, mammals cannot synthesize D-alanine, 

they can however generate D-serine (135). In the brain of mammals D-serine is generated 

through the conversion of L-serine to D-serine via a pyridoxal-phosphate α-amino acid 

carbanion transition state by serine racemase (SR) (105). SR is of particular interest as it is 

capable of producing both D and L-serine as well as degrading both to pyruvate and 

ammonia (136). Serum levels of D-serine exist at approximately 3% of the total serine 

concentration (137) but it remains unclear if this D-serine is generated in the brain and 

transported out or is produced by and auxiliary source such as the gut microbiota.  
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5.2 – Bacterial transport of D-amino acids 

 Like most metabolites, D-amino acids must be shuttled across the bacterial envelope 

through specific transporters. Although many transporters exist, my work has focussed on 

three, DsdX, CycA, and DalSTUV, that have been implicated in virulence of UPEC and 

Salmonella. 

 DsdX is a D-serine permease found in many Gram-negative bacteria and is encoded 

in the dsdCXA operon (138). DsdA is a pyridoxal phosphate-dependent D-serine deaminase 

and DsdC is a transcription factor responsible for the regulation of the operon (139). First 

hypothesised to have a role in D-cycloserine resistance, CycA is a multi-substrate transporter 

capable of transporting: glycine, D-serine, D-cycloserine, and D-alanine and is highly 

conserved across all bacteria (140–142). Work has shown that cycA has several regulatory 

inputs including the small RNA gcvB which has been shown to inhibit expression during 

elevated levels of glycine, however no work has been conducted to see the effect D-serine 

has on cycA expression (143, 144). Additionally, PhoPQ has been demonstrated to down 

regulate cycA most likely through control by gcvB (145). Work by the Mobley lab 

demonstrated an enrichment of cycA and dsdX mRNA in UPEC isolated directly from a UTI-

urine sample compared to levels found during culture in LB (146). Both DsdX and CycA 

have a Km of approximately 60 µM and a double deletion of both prohibits sufficient D-

serine transport in UPEC, resulting in an inability to survive on D-serine as a sole carbon 

source (138). A ∆dsdXA ∆cycA triple mutant is attenuated for survival in an acute 

pyelonephritis model but not a cystitis model (147). Since D-serine is in high abundance in 

both the bladder and the kidneys, one might expect a need for D-serine transport in both 
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locations if UPEC requires D-serine as a carbon source, this however is not the case 

suggesting a secondary purpose for D-serine sequestration.  

 DalSTUV forms an Adenosine Triphosphate (ATP) Binding Cassette transporter 

(ABC Transporter) localised to the inner member and is exclusively found within the 

Salmonella genus (148). After the acquisition of SPI-2, DalSTUV underwent cis-regulatory 

evolution to fall under the regulation of the virulence regulator SsrB (148). Binding of D-

amino acids by DalS is achieved through charged residues that stabilise the carboxy and 

amino groups, and a methionine residue occludes L-confirmation amino acids from binding 

(148). Specificity to D-alanine is most likely achieved through the occlusion of larger side 

chains by the shallow floor of the binding pocket. DalS shuttles D-alanine from the periplasm 

to the DalTUV complex situated in the inner membrane. Through hydrolysis of ATP 

DalSTUV transports D-alanine across the membrane into the cytoplasm (148). Deletion of 

dalS results in no detectable phenotype in vitro, however a dalS mutant is attenuated for 

survival in a murine infection model (148). This suggested a role in virulence rather than 

metabolism. 

  

6 – Interactions between the host and the pathogen 

  

The pathogen and the host have evolved to interact with each other during a bacterial 

infection. The host must protect itself from invading bacteria and the pathogen must identify 

its location within the host. These interactions occur through the detection of small molecules 

and macromolecules produced by the host and pathogen. 
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6.1 – Self vs. Non-self; Host sensing of bacteria 

 In order to maintain a state of homeostasis the host must be able to determine which 

cells are native and which are foreign. Failure to remove pathogens can have devastating 

effects and an over protective state can have serious implications on the health of the host. 

For the purpose of this work only detection of bacteria will be of focus. The innate immune 

system can recognise a large number of microbial associated molecular patterns (MAMPs) 

using pattern recognition receptors (PRRs) such as TLRs, Nod-Like Receptors (NLRs), and 

Rig-like receptors (RLRs) (149–151). These MAMPs are distinctly bacterial and include 

bacterial flagella, peptidoglycan (a major component of the bacterial cell wall), and 

lipopolysaccharide (LPS) (61). As an example TLR-4, typically expressed on sentinel cells 

such as macrophages and dendritic cells, recognises extracellular LPS and a conformational 

change recruits myeloid differentiation primary response gene 88 (MyD88) resulting in a 

signal cascade leading to nuclear translocation of nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-κB) and expression of chemokines and cytokines (152). This results 

in the recruitment of other phagocytic cells responsible for the clearance of the pathogen. 

Although the innate immune system can differentiate what is a bacterium from what 

is the host, many MAMPs are shared between pathogenic and commensal bacteria. This 

raises the question of ‘how does the host determine what is commensal and what is 

pathogenic?’. There exist two theories that may help to explain this complex problem. One 

possibility is a context model in which MAMPs only activate the immune system if they are 

stimulated in the correct location. For example, if LPS is found in intestinal crypts activation 

will occur but if LPS is found in the lumen this activation is absent (153). An alternate theory 

is the “Danger Model” in which the immune system is only activated in the presence of harm 
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to the host. For example if MAMPs are present but no harm is induced there is no activation 

of the immune system (154). Although it is unclear how the innate immune system avoids 

continual activation through detection of commensals, it is clear that pathogens can be 

detected and in many cases have evolved to evade the innate immune system. 

 

6.2 – Location, location, location; Bacterial sensing of the environment  

  Identification of location during an infection is paramount for the fitness of a bacteria. 

As bacteria have evolved a series of virulence factors to exploit a niche within the host so too 

have they evolved the machinery necessary to identify where they are in the host. Similarly 

to the host, bacteria are able to identify small molecule signals, transmit those signals, and 

implement an appropriate genetic response. One example of this is the two-component 

regulatory system (TCS) (155). A TCS is a signal relay that senses an external signal, 

undergoes a conformational change and phosphorylates a receptor protein, typically a 

transcriptional regulator, which in turn implements a new genetic program (156). An 

example relevant to the current work described herein is the two-component system SsrA-

SsrB in Salmonella. Encoded on SPI-2, SsrA-SsrB upregulates the expression of SPI-2 genes 

as well as genes not encoded on SPI-2 that are important for construction of a T3SS and 

crucial for the survival of Salmonella in SCV (157). In addition, it has recently been shown 

that SsrB potentially downregulates flagellar machinery that is no longer required during 

intracellular survival. The physiological cues leading to SsrA activation are beginning to be 

unravelled.  For example, low level SsrA-SsrB activity initiates prior to transcytosis of the 

gut epithelium (158) priming Salmonella for phagocytosis and survival within the SCV. 

During phagocytosis bacteria are almost immediately exposed to ROS suggesting that ROS 
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may act as a locational cue. Salmonella can identify ROS using the cytosolic ROS sensing 

protein OxyR which is responsible for the upregulation of ROS protection genes, including 

the alkyl hydroperoxide reductase subunit, ahpC (159). Recently it has been suggested that 

Salmonella may sense ROS as an intracellular cue and further up regulate SPI-2, however the 

mechanism remains elusive (unpublished). Failure to correctly implement a genetic program 

during an infection can have devastating consequences on the survival of a bacteria. 

 

7 - Bacterial subversion and evasion of the innate immune system 

 

 As bacteria become host adapted they evolve virulence strategies to protect 

themselves from various antibacterial mechanisms employed by the host in order to 

successfully survive, replicate, and disseminate. This co-evolution ‘arms race’ can establish a 

complex web of host-pathogen interactions. Although many host adapted pathogens exist, 

key examples of this adaptation are the interactions between Salmonella and the mammalian 

innate immune system and between UPEC and the urinary tract. These pathogens have been 

repeatedly exposed to selective pressures and as a result have evolved to effectively 

disseminate in their respective hosts.   

For most antimicrobial mechanisms in the host, Salmonella has evolved a ‘counter-

pathway’ to limit host inflicted damage. The acquisition of the genomic island SPI-1 

permitted Salmonella to penetrate the gut epithelia. Upon acquisition of SPI-2 Salmonella 

could survive and replicate within the SCV in both epithelial cells and immune cells. The 

acquisitions of SPI-1 and SPI-2 permitted significant phenotypic changes that allowed access 

to new replicative niches. However, many individual examples exist in which Salmonella has 
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evolved to survive an insult from the innate immune system. The effector GogB targets the 

SCF ubiquitin ligase in order to dampen the host inflammatory response by inhibiting IκBα 

degradation and NFκB activation (160). SseJ promotes esterification of cholesterol and 

promotes vacuolar integrity (161). Exposure to antimicrobial peptides membrane 

perturbations activates the TCS, PhoPQ, resulting in alterations to the cell envelope that 

confer peptide resistance (162). As Salmonella is exposed to reactive nitrogen stress (RNS) 

within macrophages, it upregulates expression of three RNS detoxifying genes, hmpA, ytfE, 

and hcp (163).  

Like many other antimicrobial mechanisms the neutrophil enzyme DAO exists at the 

host-pathogen interface. A major focus of my research has been to understand the 

mechanisms that Salmonella has evolved in order to evade the innate immune system, and as 

a host adapted pathogen the question remains ‘Is Salmonella capable of evading the DAO 

dependent production of ROS and if so do other bacteria have similar mechanisms to survive 

this insult?’.  

 

8 - Purpose and Aim of this work 

 The purpose of this study was to investigate how Salmonella and UPEC are able to 

protect against reactive oxygen species produced by DAO. Previous research has shown that 

S. Typhimurium requires dalS for survival in vivo. However it remained enigmatic why D-

alanine import was required for virulence during an infection but dispensable in vitro. In 

contrast to the little research done on dalS, cycA has been extensively studied in several 

bacterial models, but the tissue specific virulence defects of a cycA mutant in a UPEC 
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infection model remained unaddressed. Since host-pathogen interactions may serve as 

potential targets for combating microbial infections further research in this area is warranted.   

 The hypothesis at the time is work was undertaken was: Bacteria can sequester D-

amino acids in order to evade the host innate immune system and promote infection. The 

specific aims of this work were to: 1) Characterize the interaction between the D-alanine 

transporter, DalS, and DAO during a Salmonella neutrophil infection and, 2) Determine if a 

similar protective mechanism exists with UPEC expressed CycA and DAO during an 

ascending urinary tract infection. 

 The aims of this work will be discussed in detail in the following chapters: 

1)! Salmonella evades D-amino acid oxidase to promote infection in neutrophils. 

•! This study demonstrates that Salmonella uses DalS to sequester D-alanine 

from neutrophil DAO resulting in a reduction of ROS production and 

increased survival. 

2)! Uropathogenic E. coli evades D-amino acid oxidase in kidneys. 

•! This study demonstrates that CycA sequesters both D-serine and D-alanine 

during a pyelonephritic infection to reduce exposure to kidney expressed 

DAO. 

This work highlights the protective role played by DAO during bacterial infections 

and the first in vivo example of DAO as a neutrophil antimicrobial mechanism. Identification 

of two distinct transport systems that function to limit ROS exposure by DAO demonstrates a 

novel function for metabolic transporters in immune evasion.  
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Figure 1.1. UPEC infection of the bladder. UPEC utilizes several mechanisms to infect 

and survive within the bladder. Upon adhesion to mannosylated uroplakins, UPEC forces 

engulfment by bladder epithelial umbrella cells. This leads to escape of UPEC out of the 

vacuole or the exocytosis of UPEC into the lumen. Upon the replication of UPEC and the 

formation of Intracellular Bacterial Communities (IBC) umbrella cells may undergo 

exfoliation resulting in the liberation of the umbrella cell from the epithelial layer and 

subsequent excretion from the bladder. This results in the exposure of underlying transitional 

cells which can be targeted by UPEC. Quiescent Intracellular Reservoirs (QIR) may form 

resulting in a “safe haven” for UPEC to reside. Infiltrating neutrophils engulf UPEC in an 

attempt to control the infection. UPEC may ascend also to the kidneys resulting in a 

secondary site of infection. 
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Figure 1.1 
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CHAPTER TWO 

Salmonella evades D-amino acid oxidase to promote infection in neutrophils 
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ABSTRACT 

Neutrophils engulf and kill bacteria using oxidative and non-oxidative mechanisms. 

Despite robust antimicrobial activity, neutrophils are impaired in directing Salmonella 

clearance and harbour viable intracellular bacteria during early stages of infection that can 

subsequently escape to more permissive cell types. The mechanisms accounting for this 

immune impairment are not understood. We report that Salmonella limits exposure to 

oxidative damage elicited by D-amino acid oxidase (DAO) in neutrophils by expressing an 

ABC importer specific for D-alanine, a DAO substrate found in peptidoglycan stem peptides. 

A Salmonella dalS mutant defective for D-alanine import was more susceptible to killing by 

DAO through exposure to greater oxidative stress during infection. This fitness defect was 

reversed by selective depletion of neutrophils, or by inhibition of DAO in vivo with a small 

molecule inhibitor. DalS-mediated subversion of neutrophil DAO is a novel host-pathogen 

interaction that enhances Salmonella survival during systemic infection. 
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IMPORTANCE 

Neutrophils engulf Salmonella during early stages of infection but bacterial killing is 

incomplete. Very little is known about how Salmonella survives in neutrophils to gain access 

to other cell types during infection. In this study we show that D-amino acid oxidase (DAO) 

in neutrophils consumes D-alanine and import of this substrate protects Salmonella from 

oxidative killing by neutrophil DAO. Loss of this importer results in increased bacterial 

killing in vitro, in neutrophils, and in a mouse model of infection, all phenotypes that are lost 

upon inhibition of DAO. These findings add mechanistic insight into a novel host-pathogen 

interaction that has consequences on infection outcome.  
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INTRODUCTION 

D-amino acid oxidase (DAO) catalyzes the flavin-dependent deamination of certain 

D-amino acids to yield an !-ketoacid, ammonium ion, and hydrogen peroxide (164, 165). 

For example, DAO regulates D-serine levels in the brain, where this amino acid co-activates 

glutamate-dependent N-methyl-D-aspartate receptors on post-synaptic neurons (164). Owing 

to its ability to generate hydrogen peroxide and its widespread conservation among 

vertebrates and invertebrates (166), historical work considered DAO to be a potential 

component of the innate host defense system. Work from the 1960’s identified DAO activity 

in the purified granule fraction of human neutrophils (111). This activity was later localized 

by electron microscopy to the neutrophil phagosome following engulfment of latex beads in 

the presence of D-alanine (113). Studies in gnotobiotic mice showed DAO in the kidney in 

response to D-alanine liberated from the microbiota (118) and mice with a spontaneous 

mutation in DAO were shown to be more susceptible to infection with Staphylococcus 

aureus (114), further linking DAO to an understudied host defense system that is responsive 

to microbial input. Mammals do not synthesize D-alanine. However, in bacteria it constitutes 

the terminal amino acid in peptidoglycan stem peptides, making it a potential discriminator 

between self and non-self in the context of immunity. 

In neutrophil phagosomes, hydrogen peroxide liberated from DAO-catalyzed 

dehydrogenation of D-alanine would be accessible to myeloperoxidase (MPO), which 

catalyzes the formation of hypochlorous acid (HOCl) from chloride and hydrogen peroxide. 

Although debated (167), this latter reaction has for some time been considered the clinically 

relevant and major microbicidal pathway in neutrophils, with reaction products being directly 
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toxic to bacteria or going on to form secondary chloramines (88, 168, 169). Experimental 

work indicates that hydrogen peroxide is rate limiting for MPO-catalyzed halogenation in 

neutrophils (89), suggesting that an auxiliary source of peroxide, in addition to dismutation 

of superoxide formed from the more widely studied NADPH oxidase, would be beneficial 

towards neutrophil killing activity.  

Previously, we identified an ATP-binding cassette transporter in Salmonella enterica 

that imports D-alanine (148). This transporter underwent regulatory evolution for expression 

in the intracellular environment following host cell invasion (41), providing a clue that its 

function was related to intracellular survival. Structural work confirmed the specificity and 

chiral selectivity for D-alanine, showing that DalS, the periplasmic binding component, 

restricts the beta-carbon of alanine to a D-configuration due to steric hindrance of the L-

isomer (148). Interestingly, DalS was dispensable for S. Typhimurium growth in vitro, and 

for peptidoglycan composition. However, D-alanine import was required for competitive 

fitness during infection of mice, and mice infected with DalS-deficient Salmonella had a 

significantly extended survival time compared to mice infected with wild type Salmonella 

(148). Our previous results suggested a possible interaction between DalS and the host 

immune system, however its function remained enigmatic. Using a murine model of systemic 

infection with the pathogen Salmonella enterica serovar Typhimurium, which is widely used 

as a model for the host-restricted S. Typhi, we show that DalS helps protect Salmonella from 

DAO-dependent killing in neutrophils. Salmonella mutants with a deletion of dalS were 

exposed to greater DAO-dependent oxidative stress during host infection, leading to a loss of 

competitive fitness and increased killing by neutrophils. However, this defect could be 

repaired upon inhibition of DAO activity or by host neutropenia. Thus, DalS-mediated 
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subversion of neutrophil DAO is an important host-pathogen interaction that enhances 

bacterial survival during early stages of infection. These data help explain, in part, the 

incomplete killing of Salmonella by neutrophils, allowing secondary dissemination to more 

permissive cell types (163). 
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RESULTS 

 

DalS protects S. Typhimurium from the antimicrobial activity of DAO  

The flavin-dependent deamination of D-alanine by DAO yields the !-ketoacid, 

ammonium ion, and hydrogen peroxide (Figure 2.1A). To study the susceptibility of S. 

Typhimurium to the activity of DAO, we purified recombinant DAO and confirmed its 

hydrogen peroxide generating activity in the presence of 5 mM D-alanine or 50 mM D-serine 

(Figure 2.1B and see Figure 2.S1 in the supplemental material). Increasing the concentration 

of D-serine was necessary as this substrate produces only 10% of the Vmax activity 

compared to D-alanine (111). DalS-deficient bacteria were more sensitive to killing by 

purified DAO in the presence of D-alanine (Figure 2.1C). This killing was blocked by the 

addition of thiourea, a potent hydroxyl radical scavenger that mitigates the toxic effects of 

hydrogen peroxide on bacterial cells by reducing the formation of hydroxyl radicals from 

hydrogen peroxide (170, 171). As expected, the addition of myeloperoxidase to the in vitro 

reaction increased the magnitude of killing of both wild type and dalS mutants, yet the 

enhanced susceptibility of "dalS bacteria persisted (Figure 2.1C). These data established that 

hydrogen peroxide was the toxic DAO reaction product in these in vitro reactions and that 

Salmonella mutants lacking DalS are more susceptible to DAO-dependent killing. 

 

To determine whether DalS-deficient bacteria allowed a higher concentration of 

enzymatic hydrogen peroxide product to form by DAO, we constructed an S. Typhimurium 

reporter strain, previously validated to report hydrogen peroxide stress, by fusing the OxyR-
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dependent ahpC promoter (172, 173) to luxCDABE from Photorhabdus luminescens. We 

confirmed the activity of this strain in response to hydrogen peroxide as low as 2 µM and 

showed dose-dependent luminescence in response to peroxide up to 100 µM (Figure 2.1D), 

well below the steady-state peroxide concentration in neutrophil phagosomes estimated to be 

~ 5 µM by kinetic models (88). Importantly, we confirmed that this reporter responded 

equally in wild type and dalS mutants exposed to non-enzymatically generated hydrogen 

peroxide at relevant concentrations (Figure 2.1E). However, upon exposure to hydrogen 

peroxide generated enzymatically by DAO in the presence of D-alanine, reporter activity was 

significantly greater in dalS mutants compared to wild type (Figure 2.1F). This was 

consistent with an impaired ability of the dalS mutant to reduce an initial 5 mM extracellular 

concentration of D-alanine to the same extent as wild type (Figure 2.1G), in agreement with 

our previous data (148). As a control, both wild type and "dalS bacteria were killed to 

equivalent levels following exposure to non-enzymatic sources of hydrogen peroxide or 

hypochlorous acid (HOCl) (Figure 2.1H) indicating that increased killing of the dalS mutant 

was DAO-dependent and not due to an inherent sensitivity to hydrogen peroxide or HOCl. 

Complementing "dalS with the dalS gene under the control of its native promoter restored 

bacterial survival to wild type levels in the presence of DAO and D-alanine (Figure 2.1I). 

Together these data indicated that DalS-deficient bacteria allowed a higher concentration of 

DAO-dependent hydrogen peroxide product to form, resulting in increased killing. 
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Salmonella lacking DalS are more susceptible to DAO killing in neutrophils 

Neutrophils express DAO (111, 113) and are an early host cell target for Salmonella 

(20, 21). To test whether dalS mutant S. Typhimurium were more susceptible to the 

microbicidal activity of neutrophils, we infected purified neutrophils with wild type or dalS 

mutants and monitored bacterial survival. After 2 h, 40% of wild type Salmonella had 

survived whereas only ~25% of the dalS mutants remained viable (Figure 2.2A). To confirm 

that this killing phenotype was dependent on DAO, we used the chemical inhibitor 6-chloro-

1,2-benzisoxazol-3(2H)-one (CBIO) that blocks the dehydrogenation reaction catalyzed by 

DAO (123) (Figure 2.2B). We also confirmed that CBIO had no effect on S. Typhimurium 

growth and did not bind to the S. Typhimurium DalS protein as measured by fluorescence 

thermal shift of purified DalS (see Figure 2.S2 in the supplemental material) (148). In the 

presence of CBIO, the ability of neutrophils to kill Salmonella was impaired and there was 

no longer a survival defect of the dalS mutant (Figure 2.2A). To confirm that this killing 

phenotype was linked to DAO-dependent hydrogen peroxide stress, we infected neutrophils 

with wild type and dalS mutants carrying the OxyR-dependent ahpC reporter in the presence 

or absence of CBIO. Consistent with the killing phenotypes observed, peroxide reporter 

activity in the dalS mutant was double that seen in wild type Salmonella during neutrophil 

infections (Figure 2.2C). However, when DAO activity was inhibited with CBIO, the 

reporter activity from wild type and dalS mutants was reduced by ~35% and ~65%, 

respectively, and were no longer different (Figure 2.2C). Together these data established that 

DalS enhances S. Typhimurium survival in neutrophils in a manner that depends on 

functional DAO. 
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S. Typhimurium lacking DalS are sensitized to neutrophil DAO in vivo  

Neutrophils are the primary source of DAO among polymorphonuclear leukocytes 

(111, 113) and their numbers increase rapidly in the spleen in response to S. Typhimurium 

infection (173, 174). Given this, we reasoned that the levels of splenic DAO would increase 

following S. Typhimurium infection due to neutrophil influx. We collected spleens from 

infected and uninfected mice and probed them for DAO using a DAO antibody. Uninfected 

mice had no detectable DAO in the spleen or cecum using this method (Figure 2.3A). In 

contrast, splenic DAO increased dramatically upon S. Typhimurium infection (Figure 2.3A). 

Hepatic DAO has been detected in some studies but not others (175). We detected DAO in 

liver isolated from uninfected mice, but this did not increase dramatically upon infection 

when normalized to a control host protein (Figure 2.3A). To verify neutrophils were the 

source of splenic DAO we rendered mice neutropenic by antibody-based neutrophil depletion 

and verified this by flow cytometry (see Figure 2.S3 in the supplemental material). In 

infected neutropenic mice, splenic DAO became undetectable, and liver DAO was reduced to 

~25% of that seen in non-neutropenic controls (Figure 2.3B). The residual DAO signal in 

neutropenic mouse liver is likely from hepatocytes, which are a source of DAO activity in a 

variety of animals (176). 

 

Given that DalS protected S. Typhimurium from neutrophil DAO, we hypothesized 

that depleting neutrophils would restore virulence to the dalS mutant in vivo. Indeed, in 

neutropenic mice, dalS mutant S. Typhimurium competed equally with wild type bacteria 
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whereas they remained significantly attenuated in control-treated animals containing 

neutrophils (Figure 2.3C). To verify that this restoration of virulence in the mutant was 

linked to the attendant loss of DAO following neutrophil depletion, we alternatively inhibited 

DAO activity in infected mice by in vivo administration of CBIO (122). These data showed 

that the effect of neutropenia on the dalS mutant was phenocopied by DAO inhibition 

(Figure 2.3D). The restoration of virulence to dalS mutants following DAO inhibition in vivo 

was specific to DalS and not a generalized immune dysfunction because a Salmonella mutant 

("SPI2) containing a lesion in the type III secretion system involved in intracellular 

replication (177) remained attenuated in mice in the presence of CBIO (Figure 2.3D). To 

confirm the importance of DalS for Salmonella during infection, and to further connect this 

virulence factor to host DAO, single infections were performed with wild type or the dalS 

mutant in mice in which DAO was inhibited or not. Mice infected with wild type S. 

Typhimurium carried a significantly higher splenic bacterial burden than mice infected with a 

dalS mutant (Figure 2.3E), confirming that DalS contributes to bacterial fitness in the host. 

Treatment of mice with the DAO inhibitor, CBIO, significantly increased the bacterial load 

associated with "dalS infection (Figure 2.3E). Together, these experiments clearly linked the 

phenotype of the dalS mutant to the expression and activity of neutrophil DAO. 

 

DAO contributes to bacterial peroxide stress independent of NOX2  

The NADPH oxidase system in neutrophils is a source of superoxide that can spawn 

an array of reactive oxygen species. Prominent among these is hydrogen peroxide that is 

consumed by myeloperoxidase to generate hypochlorous acid (HOCl) within the neutrophil 
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phagosome (178). However, our experiments indicated that neutrophils killed "dalS S. 

Typhimurium more effectively than wild type bacteria even in the presence of functional 

NADPH oxidase, suggesting that DAO is a relevant source of innate immune activity. If this 

were the case, then the fitness defect in the "dalS mutant would persist in a host lacking 

NADPH oxidase. To quantify the contribution of DAO to host protection independent of 

NADPH oxidase, we infected CYBB/gp91/NOX2 mice lacking the flavocytochrome b-245 

heavy chain, an essential component of NADPH oxidase. In the liver, dalS mutant bacteria 

remained attenuated to similar levels as in wild type mice. Interestingly, in the spleen where 

neutrophils accumulate after infection (163, 174), the defect of dalS mutants was 

significantly amplified in CYBB -/- mice compared to their defect in wild type mice (Figure 

2.4A). The fitness defect of the dalS mutant was repaired upon treatment of CYBB -/- mice 

with CBIO (Figure 2.4B), implicating DAO as a relevant source of innate immune protection 

during S. Typhimurium infections. These data indicated that DalS increases early Salmonella 

survival, particularly in the spleen, even in the absence of NADPH oxidase.  

 

To confirm that this source of bactericidal peroxide was DAO, we used the OxyR-

dependent ahpC-lux transcriptional reporter constructed earlier and performed whole-animal 

in vivo imaging of infected mice to quantify hydrogen peroxide stress in S. Typhimurium 

following DAO inhibition. S. Typhimurium produced OxyR-dependent luminescence in both 

wild type mice and in CYBB -/- mice lacking NADPH oxidase, which was reduced in both 

cases when mice were treated with the DAO inhibitor CBIO (Figure 2.4C). Importantly, at 

these early time points after infection, the bacterial load among the groups was found to be 
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similar at necropsy (data not shown). OxyR-dependent luminescence in wild type mice was 

greater than that from CYBB -/- mice, a result that was expected because NADPH oxidase 

activity is broadly conserved among immune cells that interact with Salmonella (174, 179), 

whereas DAO is restricted to neutrophils (111, 113). Luminescence normalized to bacterial 

load in the spleen was quantified in both wild type and CYBB-/- mice by ex vivo imaging of 

freshly excised organs (Figure 2.4D). This analysis showed that inhibition of DAO activity in 

both wild type and CYBB-/- mice significantly reduced OxyR-dependent luminescence from 

splenic S. Typhimurium by ~60% confirming that DAO was a relevant source of hydrogen 

peroxide during infection in the presence or absence of NOX2. 

 

Our previous results showed that S. Typhimurium lacking DalS are exposed to greater 

DAO-dependent oxidative stress during infection. We quantified this in mice lacking 

NADPH oxidase by infecting CYBB-/- mice with DalS-deficient Salmonella carrying the 

OxyR-dependent luminescence reporter. OxyR-dependent luminescence in mice infected 

with the "dalS mutant was significantly greater than from mice infected with wild type 

Salmonella. Treatment of mice with CBIO to inhibit DAO activity significantly reduced this 

luminescence signal (Figure 2.4E). Together, these experiments revealed that splenic S. 

Typhimurium is exposed to DAO-dependent peroxide stress in mice and that DalS reduces 

the magnitude of this stress to promote infection. 
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DISCUSSION 

 

The majority of work on Salmonella infection of immune cells has focused on 

macrophages. However, neutrophils are the major cell type infected by Salmonella during the 

first two days of infection. In the gut, 70% of luminal S. Typhimurium are inside neutrophils 

at day 1 (180) and in the spleen, a neutrophil-enriched population harboured 100% of the 

viable intracellular S. Typhimurium population in the first 24 h (42), and 70% of this 

bacterial population on day 2 with a concomitant increase in the number of infected 

macrophages (174). Despite robust antimicrobial activity of neutrophils, which indeed kills 

many Salmonella during infection (163, 181), neutrophils are unable to direct full S. 

Typhimurium clearance (182). This incomplete killing is thought to allow Salmonella to 

spread to a more permissive macrophage population, which have been shown to generate 

sub-lethal oxidative bursts (163). The mechanisms to account for this immune subversion of 

neutrophils are incomplete but likely involve resistance to the microbicidal effector functions 

of these cells (71). Interestingly, despite the importance of this host-pathogen interaction, 

very little is known mechanistically about how Salmonella survives in neutrophils. Our data 

are consistent with neutrophil DAO functioning to exert bactericidal activity on S. 

Typhimurium at early stages of infection. These data provide insight into a host-pathogen 

interaction in systemic neutrophils that has bearing on the outcome of Salmonella infection. 

Of importance, it is likely that this immune subversion mechanism is also conserved in S. 

Typhi, as the DalS transport system is 98% identical in this human pathogen. 
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Hydrogen peroxide production is rate limiting for MPO-catalyzed halogenation and 

killing of bacteria in neutrophils (89). These data suggest that an auxiliary source of 

peroxide, in addition to dismutation of superoxide formed from the more widely studied 

NADPH oxidase, would be beneficial towards neutrophil killing activity. In mice lacking 

NADPH oxidase, we showed that Salmonella indeed senses an auxiliary source of peroxide 

stress that can be inhibited by CBIO, a specific small molecule inhibitor of DAO. This DAO-

catalyzed source of oxidative stress was biological relevant because it elicited a larger 

response in DalS mutants and was able to better control growth of dalS mutant Salmonella 

that lack the D-alanine import system. In our in vitro experiments with purified DAO, 

exogenous D-alanine was added to elicit Salmonella killing by DAO, but bacterial derived 

D-alanine was sufficient for killing by DAO in neutrophils. Neutrophils are a rich source of 

membrane-perturbing antimicrobial peptides, which might sensitize Salmonella to the effects 

of neutrophil DAO due to liberation of D-alanine during membrane damage. This is 

supported by the fact that neutrophil antimicrobial peptides act synergistically with 

peptidoglycan recognition proteins to kill bacteria (183). In addition, bacterial killing by 

purified DAO is likely mediated by the terminal hydrogen peroxide product that forms, 

requiring higher concentrations to reach toxic levels. However, DAO-derived hydrogen 

peroxide in neutrophils would be converted by MPO to more toxic secondary products. 

Indeed, steady state levels of hydrogen peroxide in the low micromolar range appears 

sufficient to support killing in neutrophil phagosomes (88). 

 



Ph.D. Thesis – B. Tuinema; McMaster University – Biochemistry and Biomedical Sciences 

 45 

Salmonella has been reported to actively disrupt the trafficking of NADPH oxidase to 

the Salmonella containing vacuole (184), although the molecular basis for this observation 

has not been uncovered. The subversion by Salmonella of this additional oxidative stress 

might provide a more complete inhibition of oxidative killing in neutrophils, allowing 

Salmonella time to access more permissive splenic macrophages at later stages of infection 

(163). As predicted by our model, the presence of DalS confers a selective advantage to 

Salmonella in wild type mice, and even more so in NADPH oxidase-deficient mice, but is 

dispensable when DAO is inhibited or if neutrophils are depleted. These data highlight a 

novel interaction between host and microbe that adds to the growing complexity of bacterial 

pathogenesis. In this context, evasion of neutrophil DAO is a virulence mechanism operating 

in conjunction with other mechanisms of immune subversion that each confer different, but 

important fitness gains on the infecting pathogen. 

 

Patients with chronic granulomatous disease (CGD) that lack NADPH oxidase 

activity are highly susceptible to a variety of bacterial infections. However, these patients are 

rarely infected with catalase-negative organisms (185), suggesting that a source of hydrogen 

peroxide stress independent of NADPH oxidase may be selective for certain infections in 

CGD patients (167). A proposed explanation for this was that the bacteria themselves 

generate enough hydrogen peroxide to mediate MPO-catalyzed halogenation. However this 

idea has been challenged because catalase negative bacteria are equally virulent in a CGD 

model system and produce approximately two orders of magnitude less peroxide than CGD 

phagocytes with non-protective levels of residual NADPH oxidase activity (186). Instead, 
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others have argued that the ability of CGD neutrophils to kill even catalase-positive 

organisms suggests an incomplete loss of hydrogen peroxide and/or an alternate system of 

intracellular killing (187). Our results are consistent with both of these suggestions. These 

findings provide rationale for the targeted augmentation of DAO activity in certain immune 

deficiencies. For example, polyethylene glycol-conjugated DAO can restore bactericidal 

activity to congenitally defective CGD neutrophils in vitro (188). In this disease, even 

modest residual oxidative activity offers significant protection from severe illness and greater 

likelihood of long-term survival (189). Thus, augmenting oxidative killing mechanisms in 

neutrophils may have clinical benefit in some cases.  
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MATERIALS AND METHODS 

 

Ethics Statement  

All animal experiments were conducted according to guidelines set by the Canadian Council 

on Animal Care using protocols approved by the Animal Review Ethics Board at McMaster 

University.  

 

Bacteria, cloning and reagents 

All bacterial strains are isogenic derivatives of Salmonella enterica serovar Typhimurium 

strain SL1344 and are listed in Supplementary Table 1. The mRNA encoding porcine DAO 

was amplified by PCR and cloned with a 6-histidine tag as described (114) using primers 

BRT139 (GGA ATT CCA TAT GCG TGT GGT GGT GAT TGG) and BRT140 (GGA 

AGA TCT TCA GTG GTG GTG GTG GTG GTG GAG GTG GGA TGG TGG CAT T). 

DNA was digested with BglII and NdeI and pET3a was digested with BamHI and NdeI and 

then ligated. All cloning steps were confirmed by sequencing and plasmids transformed into 

E. coli BL21 (DE3). The OxyR-dependent ahpC-lux transcriptional fusion was generated as 

described previously with slight modifications (173). Three-hundred bp upstream of the S. 

Typhimurium ahpC gene was amplified using primers BRT169 (CGG GAT CCG TAA TGT 

AGA GCG CAA CAC TT) and BRT171 (CGT ACG TAT ACT TCC TCC GTG TTT TCG 

TT) and cloned as a SnaBI/BamHI fragment in pGEN-luxCDABE. 
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Protein purification 

Purification of DalS-6HIS was performed as described previously (148). Briefly E. coli 

BL21 (DE3) carrying pDalS-6HIS was grown in LB at 37 deg. C. and then induced with 0.5 

mM IPTG at 22 deg. C. for an additional 3 h. Cells were lysed by sonication and soluble 

supernatant was loaded onto a Ni-NTA bead column (Qiagen) and eluted with 80 mM 

imidazole. Recombinant DAO was purified by growing E. coli BL21 (DE3) carrying pDAO-

6HIS in LB at 37 deg. C. to an A600 nm = 0.55 and then induced with 0.1 mM IPTG and 

grown at 37 deg. C. for an additional 20 h. Cultures were centrifuged at 4000 g for 13 min at 

12 deg. C., resuspended in lysis buffer (20 mM Tris, pH 7.5, 0.5 M NaCl, protease 

inhibitors), and lysed via sonication (Misonix Sonicator, Ultrasonic Processor S-400, at 40% 

amplitude with 6 pulses of 30 s in 1 min intervals). Lysates were pelleted at 10000 g for 30 

min at 4 deg. C. Supernatant was loaded onto a Ni-NTA bead column and washed with an 

imidazole gradient (10, 20, 40 mM) in TBS (40 mM Tris, pH 7.5, 0.5 M NaCl). DAO-6HIS 

was eluted in TBS containing 80-320 mM imidazole and purity was determined using SDS-

PAGE. Purified DAO was dialysed in TBS, concentrated using 3K Amicon Ultra Centrifugal 

filters (Millipore, UFC800324) and stored at -80 deg. C.   

 

Kinetic assays (i) DAO production of hydrogen peroxide. Enzymatic activity of DAO was 

measured by colorimetric assay using peroxidase-coupled oxidation of o-dianisidine as 

previously described (1). Briefly DAO (5 µg/mL), 5 mM amino acid (D-alanine, D-serine, D-

valine, L-alanine, Sigma), horseradish peroxidase (6.6 µg/mL, Sigma), and 6-Chloro-1,2-

benzisoxazol-3(2H)-one (CBIO) (0, 0.15, 1.5, 15 µM, Sigma) were incubated at room 
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temperature in PBS containing o-dianisidine (75 µg/mL) and A460nm was measured.  (ii) 

Estimation of D-alanine concentration. S. Typhimurium was grown to mid-log phase in LPM 

medium, pH 5.8) (190) at 37 deg. C. Bacteria were washed twice in phosphate buffered 

saline (PBS) and 1 x 107 S. Typhimurium were incubated with 5 mM D-alanine for 3 h at 37 

deg. C. in LPM. Cultures were pelleted at 10,000 g for 2 min, supernatant was filter 

sterilised, and incubated with DAO (5 µg/mL), horseradish peroxidase (6.6 µg/mL, Sigma) at 

room temperature in PBS containing 75 µg/mL o-dianisidine and A460nm was measured after 

1 h. D-alanine concentration was determined by comparison to a standard curve. (iii) 

Fluorescent Thermal Shift (FTS) assay. DalS binding was determined by FTS assay as 

described previously (13). Briefly, the assay was performed with a 480 Lightcycler (Roche) 

(498 nm excitation, 610 nm emission). Each reaction contained DalS-6HIS (10 mM), SyPro 

Orange (5 µM, Invitrogen) and indicated amino acid or CBIO in 100 mM HEPES, 150 mM 

NaCl, pH 7.5 in a 96-well plate (Roche). A ΔTm of 2°C upon addition of ligand was 

considered positive binding. 

 

Bactericidal activity assays with purified DAO 

S. Typhimurium was grown to mid-log phase in LPM at 37 deg. C. and washed twice in PBS. 

1 x 107 S. Typhimurium were incubated with 5 µg/mL DAO and 5 mM D-alanine in the 

presence or absence of 150 mM thiourea,  0.1% hydrogen peroxide, 0.01% HOCl, or 2.5 

U/mL MPO in LPM at 37 deg. C. with shaking for 2 h. Cultures were serial diluted in PBS 

and plated on LB to determine killing activity. Colony forming units were determined and 

normalised to 0 h growth. 
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Isolation of mouse peritoneal neutrophils and bactericidal activity 

Female 6-10 week old C57BL/6 mice (Charles River) were injected with 1 mL 2% Biogel 

(Biorad) in PBS. Neutrophils were harvested via peritoneal lavage 12-16 h later with 6 mL 

RPMI (10% FBS, 1 x HEPES, 1 x sodium pyruvate, 1 x β-mercaptoethanol, 1 x essential 

amino acids). Cells were passed through a 40 µm cell strainer to remove Biogel and purity 

was determined by Giemsa staining (Sigma). Approximately 2 x 107 neutrophils were 

obtained per mouse. Neutrophils were exposed to 3 µM CBIO in PBS or PBS alone at 37 

deg. C., 5% CO2 in RPMI for 60 min. Overnight cultures of wild type and ΔdalS S. 

Typhimurium with or without ahpC-luxCDABE were diluted in RPMI medium and added to 

neutrophils at a multiplicity of infection of 1:100 in tissue culture wells. Infected cells were 

incubated at 37 deg. C., 5% CO2 in RPMI for 30 min to allow bacterial uptake. Infected cells 

were washed five times in PBS and incubated for an additional 90 min in RPMI or 30 min 

for ahpC-luxCDABE assays. Luminescence was measured in bacteria containing the ahpC-

lux reporter. Bacteria were washed five times with PBS and lysed using in 250 µL of lysis 

buffer (1% Triton X-100, 0.1% SDS). Lysates were serial diluted and plated for cfu 

determination. Bacterial killing was determined as the ratio of cfu at 2 h/0.5h and normalised 

to survival of wild type bacteria. 

 

Animal experiments 

For in vivo experiments, C57BL/6 (Charles River) or B6.129S6-CYBBtm1Din/J (Jackson 

Laboratory) mice were infected via the peritoneum with 2 x 105 Salmonella for competitive 
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experiments as described previously (191). At 24 h (single infections) or 48 – 60 h 

(competitive infections) post-infection mice were sacrificed by cervical dislocation and liver 

and spleen were harvested. Organs were homogenised in PBS with a Mixer Mill (10 min, 30 

Hz) (Retsch), serial diluted in PBS, and plated on LB containing streptomycin. Colonies 

were replica plated onto LB agar containing either chloramphenicol or streptomycin to 

determine the ratio of wild type to mutant colonies. To induce neutropenia, mice were 

injected i.p. with 0.15 mg αLy6G clone 1A8 antibody (BioXcell) daily for two consecutive 

days prior to infection. To confirm neutropenia by flow cytometry, blood was mixed with 

ACD anticoagulant, and placed on ice. Cells were harvested by centrifugation at 5000 g for 

10 min at 4°C. Red blood cells were eliminated with ACK lysis buffer. Cells were first Fc 

blocked with anti-mouse CD16/32 (1:100, eBiosciences), and then stained with anti-mouse 

CD3e-PE-CF594 (1:200, BD Biosciences), anti-mouse CD11b-PE (1:200, eBiosciences), and 

anti-mouse Gr-1 APC-eFluor 780 (1:200, eBiosciences) antibodies. All samples were run 

using an LSRII flow cytometer (BD Biosciences), and analyzed using FlowJo software (Tree 

Star, Inc.). For inhibition of DAO in vivo, mice were injected i.p. with 25 mg/kg CBIO in 

0.5% carboxymethylcellulose (CMC) (Sigma) or 0.5% CMC only every 6 h during the 

course of infection.  

 

Immunoblotting 

Neutropenic or immune replete C57BL/6 mice were infected with 2 x 105 S. Typhimurium in 

0.1 M HEPES pH 8.0, 0.9% NaCl. Spleen, liver, and cecum were isolated after 48 h and 

homogenised as described above in 50 µM Tris, 150 µM NaCl, protease inhibitor cocktail 
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(Roche), pH 7.5. Samples were centrifuged at 12,000 g for 20 min at 4 deg. C. Supernatants 

were diluted in an equal volume of SDS-PAGE sample buffer (100 mM Tris-HCl (pH 6.8), 

20% (v/v) glycerol, 4% (w/v) SDS, 0.002% (w/v) bromophenol blue, and 100 mM DTT) and 

boiled for 5 min. 5 µL of each sample, including 5 µg/mL rDAO-HIS as a control, was 

separated on 12% polyacrylamide gels and blotted with goat anti-DAO (1:2000, Sigma) and 

sheep anti-goat IgG-HRP (1:5000, Abcam). Blots were stripped and re-probed using mouse 

anti-GAPDH (1:1000, Novus Biologicals) and goat anti-mouse IgG-HRP (1:10 000, 

Cedarlane). Conjugated HRP was detected using chemiluminescence (Western Lightning 

Plus, PerkinElmer). 

 

Bioluminescent reporter assay  

S. Typhimurium containing the PahpC-luxCDABE reporter was grown to mid-log phase in 

96-well plates. Bacteria were treated with hydrogen peroxide (0, 2, 4, 6, 8, 10, 100 µM) and 

A600 nm and luminescence was measured every 10 min. Luminescence was normalized to the 

A600 nm.  

 

In vivo bioluminescent imaging  

C57BL/6 or B6.129S6-CYBBtm1Din/J mice were dosed with 25 mg/kg CBIO in 0.5% CMC or 

0.5% CMC only and infected i.p. with 1 x 107 S. Typhimurium containing the ahpC-

luxCDABE reporter 1 h post treatment. Mice were anesthetised (2% isofluorane carried in 2% 

oxygen) 2 h post-infection and imaged for 5 sec in a Spectrum in vivo Imaging System 

(IVIS) (Caliper Life Sciences). Spleens were isolated and imaged ex vivo. Tissues were 
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homogenised as described above, serial diluted, and plated on LB agar to obtain total cfu per 

organ. Total flux was normalised to tissue cfu. 

 

Statistical analysis 

Treatment groups were compared using a non-parametric Mann-Whitney test. All analyses 

were performed using Graph Prism 4.0 (GraphPad Software Inc. San Diego, CA). A P value 

of .05 or less was considered significant. 
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Figure 2.1. DalS protects S. Typhimurium from the antimicrobial activity of DAO. A) 

DAO catalyzes the flavin-dependent deamination of D-alanine to yield the !-ketoacid, NH4
+, 

and hydrogen peroxide. B) Recombinant DAO produces hydrogen peroxide upon addition of 

D-alanine and D-serine as measured by peroxidase-coupled oxidation of o-dianisidine. Data 

are the means with standard error for three experiments. C) S. Typhimurium dalS mutants are 

more susceptible to the reaction products of DAO. Bacteria were incubated with purified 

DAO in the presence (+) or absence (-) of exogenous D-alanine. Survival data are the means 

with standard error from three independent experiments. D) The OxyR-dependent PahpC-lux 

reporter strain is sensitive to hydrogen peroxide. Data are mean relative light units (RLU) 

normalized to culture optical density. E) Wild type and dalS mutant Salmonella sense non-

enzymatic hydrogen peroxide equally. Data are the means with standard error for three 

experiments. RLU data is normalized to the culture optical density. Reporter activity between 

wild type and dalS mutants for each of the treatment groups are not significantly different. F) 

A dalS mutant is exposed to greater hydrogen peroxide stress compared to wild type 

following exposure to DAO and D-alanine. Data is from strains carrying the PahpC-lux 

reporter and are the means with standard error from three separate experiments. G) S. 

Typhimurium lacking DalS are defective for D-alanine import. The ability of Salmonella to 

remove D-alanine (5 mM) from the culture media was estimated by DAO-catalyzed 

peroxidase-coupled oxidation of o-dianisidine. H) "dalS mutants have wild type sensitivity 

to exogenous hydrogen peroxide (0.1%) and HOCl (0.01%) generated non-enzymatically. I) 

Sensitivity of dalS mutants to DAO-dependent killing is normalized to wild type levels upon 

complementation with a dalS-encoding plasmid (pdalS). All experiments were performed 

independently three times. * P<0.05, ** P<0.01, *** P<0.001 (Mann-Whitney). 
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Figure 2.1 
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Figure 2.2. DalS-deficient Salmonella are killed more efficiently in neutrophils in a 

DAO-dependent manner. A) "dalS S. Typhimurium are sensitized to neutrophil killing. 

Bacterial killing by purified neutrophils was measured after 2 h. Survival was measured as 

the ratio of viable bacteria at 2 h compared to the starting internalised bacteria. The 

sensitivity of "dalS mutants to neutrophil killing was inhibited by DAO inhibition with 

CBIO. Data are from three experiments. B) CBIO inhibits DAO enzyme activity in vitro 

([CBIO]: ! 0 µM, ! 0.15 µM, ! 1.5 µM, " 15 µM). Data are the means with standard 

error from three experiments. C) Salmonella lacking DalS are exposed to greater hydrogen 

peroxide stress in neutrophils. Hydrogen peroxide stress levels are restored when DAO is 

inhibited with CBIO. Data is from strains carrying the PahpC-lux reporter 30 min following 

infection of purified neutrophils and are the means with standard error from three separate 

experiments. * P<0.05 (Mann-Whitney) 
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Figure 2.2 
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Figure 2.3. S. Typhimurium lacking DalS are more susceptible to neutrophil DAO 

killing in vivo. A) Western blot of DAO in liver, spleen, and cecum from uninfected or S. 

Typhimurium –infected mice. The relative density of the DAO signal adjusted to GAPDH 

signal is shown below each panel. B) Neutropenic mice fail to accumulate splenic DAO 

following S. Typhimurium infection. Neutropenic mice were infected with S. Typhimurium 

and organs were probed for DAO (2x spleen vol., represents twice the amount of sample 

loaded).  C) Neutropenia normalizes the fitness defect of "dalS S. Typhimurium. Control 

mice and neutropenic mice were infected with an equal mixture of wild type and "dalS S. 

Typhimurium for 2 days. Shown is the competitive index data from two experiments. D) 

Inhibition of DAO in vivo restores virulence to "dalS mutants. Mice were infected with an 

equal mixture of wild type and "dalS S. Typhimurium (first set) or an equal mixture of wild 

type and "SPI-2 S. Typhimurium (second set) and treated with either carboxymethylcellulose 

as a control or the DAO inhibitor CBIO. Shown is the competitive index data from two 

experiments. E) CBIO restores dalS mutant defect in singly infected mice. Mice were 

infected with either wild type or dalS deficient S. Typhimurium and treated with CBIO or 

CMC control for 24 hr. Shown is the cfu normalized to spleen mass.  * P<0.05; ** P<0.01; 

*** P<0.001 (Mann-Whitney). 
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Figure 2.3 
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Figure 2.4. DAO contributes to bacterial peroxide stress independent of NOX2. A) DalS 

mutants remain attenuated in mice lacking functional NOX2/NADPH oxidase. Wild type 

mice (B6) or CYBB -/- mice were infected with an equal mixture of wild type and "dalS S. 

Typhimurium and the competitive index was calculated after 2 days. B) DalS mutant defect 

is restored with CBIO treatment in NADPH oxidase deficient mice. CYBB-/- mice were 

infected with and equal mixture of wild type and "dalS S. Typhimurium and were treated 

with control or CBIO. Competitive index was calculated after 2 days. C) DAO elicits 

peroxide stress in mice. Wild type and CYBB -/- mice with functional (control) or inhibited 

DAO (CBIO) were infected with the peroxide-reporter strain and imaged after 2 h. Images 

represent 5 sec integrations and are representative of three separate experiments. D) Ex vivo 

imaging of excised spleens from mice in (B). Images (inset) were integrated over 5 sec and 

plotted as total photon flux was normalized to viable colony counts. E) DalS mutants are 

exposed to greater peroxide stress than wild type in vivo. CYBB-/- mice were infected with 

wild type S. Typhimurium or "dalS mutants containing the OxyR-dependent luminescent 

reporter, and then treated with the DAO inhibitor CBIO, or carboxymethylcellulose (control). 

Shown are representative whole body images from infected mice with normalized 

luminescence flux plotted above each image. Plotted data represent three mice per group. * 

P<0.05; ** P<0.01; *** P<0.001 (Mann-Whitney). 
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Figure 2.4 
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Figure 2.S1. Recombinant DAO produces hydrogen peroxide upon addition of D-

alanine. DAO dependent oxidation of 0 – 20 mM D-alanine as measured by peroxidase-

coupled oxidation of o-dianisidine. Data are the means with standard error for three 

experiments. 
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Figure 2.S1 
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Figure 2.S2. The DAO inhibitor CBIO does not bind to DalS or impair bacterial 

growth. (A). Fluorescence thermal shift experiments were conducted with purified DalS 

without ligand, and in the presence of D-alanine, D-valine, or CBIO as described in Methods. 

Data are the means with standard errors from three separate experiments. (B). Wild type S. 

Typhimurium and dalS mutants were grown in the presence or absence of CBIO in the 

culture medium. Optical density was measured over time. Data are the means with standard 

errors from three separate experiments. 
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Figure 2.S2 
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Figure 2.S3. Flow cytometry verifying neutrophil depletion in neutropenic animals. 

Neutrophil gate was defined as CD3-CD11b+Gr-1hi. 
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Figure 2.S3 
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CHAPTER THREE 

Uropathogenic E. coli evades D-amino acid oxidase in kidneys 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – B. Tuinema; McMaster University – Biochemistry and Biomedical Sciences 

 70 

 

 

CO-AUTHORSHIP STATEMENT 

 

At the time of this thesis publication this manuscript was intended to be submitted in March 

2017.  

The following individuals are intended to be co-authors on this manuscript: Brian R. 

Tuinema, Bushra Ilyas, and Brian K. Coombes 

 

The contributions by each author to the project are described below: 

1. Strains and plasmids were created by B.R.T. 

2. In vitro DAO assays were performed by B.R.T. 

3. Neutrophil experiments were conducted by B.R.T. 

4. Competitive infections, kidney isolation, and in vivo imaging was conducted by B.R.T. 

5. RNA isolation and qRT-PCR was performed by B.I. 

6. B.R.T., B.I., and B.K.C. contributed to the writing of the manuscript 

*Note that references in the following data chapters have been compiled into one reference 

list at the end of the thesis in order to avoid any redundancy between sections. 

 



Ph.D. Thesis – B. Tuinema; McMaster University – Biochemistry and Biomedical Sciences 

 71 

 

 

 

 

 

Uropathogenic E. coli evades D-amino acid oxidase in kidneys 

Brian R. Tuinema1, Bushra Ilyas1, Brian K. Coombes1,2,* 

 

1 Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton, 

ON. CANADA L8S 4K1. 2 Michael G. DeGroote Institute for Infectious Disease Research, 

Hamilton, ON. CANADA L8S 4K1 

 

*Correspondence to: BKC (coombes@mcmaster.ca) 

!  



Ph.D. Thesis – B. Tuinema; McMaster University – Biochemistry and Biomedical Sciences 

 72 

ABSTRACT 

 

 Uropathogenic E. coli (UPEC) is associated with over 80% of all urinary tract 

infections (UTI). In order to colonize the bladder and further ascend to the kidneys UPEC 

requires an arsenal of virulence factors to evade the innate immune system. D-amino acid 

oxidase (DAO) forms one arm of the innate immune system and produces reactive oxygen 

species (ROS) through the oxidation of D-serine in the kidneys. Here we show that UPEC 

uses two D-serine transporters to sequester D-amino acids away from DAO thereby limiting 

exposure to ROS in the kidneys. A UPEC ∆cycA∆dalS mutant defective for D-serine import 

was more susceptible to killing by DAO through exposure to greater oxidative stress during 

infection. This fitness defect was partially restored by depletion of neutrophils, or by 

inhibition of DAO in vivo with a small molecule inhibitor. Clinical isolates from patients 

experiencing recurrent UTIs had elevated levels of cycA expression when isolated from 

infected ex vivo kidneys relative to isolates from acute infections. This work demonstrates the 

second example of DAO subversion through transport of D-amino acids, suggesting a 

possible conserved virulence strategy among many human relevant pathogens. 
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INTRODUCTION 

 

 D-amino acid oxidase (DAO) is an emerging player in host control of microbes at 

mucosal surfaces. DAO catalyzes the oxidative deamination of D-amino acids to their 

respective α-keto acid and ammonia, resulting in hydrogen peroxide as a bi-product. 

Recently DAO has been implicated in bacterial control during acute infections of 

Staphylococcus aureus (114), Salmonella Typhimurium (112), and Vibrio cholera (104). 

DAO is expressed in the brain, neutrophils, gut epithelial, and proximal tubule epithelial cells 

in the kidney (104, 113, 115, 192). The role of DAO in the brain is most well-characterized 

where it degrades the neurotransmitter D-serine. DAO has also been proposed to remove 

circulating D-serine within the kidneys however the exact purpose of this is unclear. 

Expressed mainly in kidney tubule peroxisomes, DAO found in urine suggests that it may 

also be excreted from these tubule cells (117). 

Previously we identified an ABC transporter, DalSTUV, that sequesters D-alanine, 

thereby limiting this substrate from neutrophil DAO. In doing so this prevents the production 

of reactive oxygen species (112, 148). Due to the range of hosts and tissues that express 

DAO we predicted that other bacteria might employ a similar virulence strategy. Since 

DalSTUV is exclusively found in Salmonella we searched for other D-amino acid 

transporters capable of protecting bacteria from DAO. CycA is an D-amino acid permease 

and unlike DalS it is conserved across diverse taxa.  Mutants in cycA are impaired in D-

alanine and D-serine transport but were unaffected in import of the L-enantiomers (193). E. 

coli lacking cycA are attenuated in mice suggesting a potential role for virulence. 
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Uropathogenic Escherichia coli (UPEC) is the causative agent in over 80% of urinary 

tract infections (20). Upon infection UPEC uses pili to adhere to bladder epithelial cells (56). 

If gone untreated UPEC can ascend the ureters and colonise the proximal tubules in the 

kidney, establishing a secondary infection called acute pyelonephritis (57). UPEC can further 

breach this epithelial layer where they can be  phagocytosed by infiltrating neutrophils (194). 

To survive within the host UPEC uses an arsenal of virulence and fitness factors (195). 

Among these, two D-serine transporters, DsdX and CycA have been shown to be important 

fitness factors in an ascending UTI model (138, 196). Previous work has demonstrated that 

these transporters are required for survival within mice, indicating a need for D-serine import 

(138). UPEC lacking cycA, dsdX, and a D-serine deaminase, dsdA, are significantly 

attenuated in the kidneys but not the lower urinary tract (147), a phenotype that is consistent 

with the expression patterns of DAO in the urinary tract. Using a murine renal infection 

model we demonstrate that CycA and DsdX protect UPEC from DAO. Mutants lacking both 

cycA and dsdX are exposed to elevated ROS in vivo which results in a survival defect 

compared to wild type. This phenotype is partially restored by chemically inhibiting DAO or 

by rendering mice neutropenic suggesting that both kidney and neutrophil expressed DAO 

play a role in UPEC clearance. Clinical isolates of UPEC from patients with recurrent UTI 

expressed higher levels of cycA and dsdX mRNA compared to those isolated from patients 

experiencing an acute infection when grown in sterile urine or isolated from infected kidneys 

compared to isolates grown in LB. Together this work demonstrates that cycA and dsdX serve 

to protect UPEC from reactive oxygen stress during pyelonephritis.  
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RESULTS 

 

CycA and DsdX protect UPEC CFT073 from DAO  

To study the antimicrobial activity of DAO on UPEC CFT073 we isolated 

recombinant DAO and tested its ROS producing ability in the presence of D-serine (5 mM, 

10 mM, 25 mM, and 50 mM) and compared it to D-alanine (5 mM). An increased 

concentration of D-serine (50 mM) was required to match the ROS output produced by 5 

mM as the Vmax of D-serine was approximately 10% of D-alanine (Figure 3.1A). We next 

tested whether DAO was capable of killing UPEC using D-serine as a substrate. Testing 

three concentrations of D-serine we found that both 50 mM and 100 mM D-serine was 

sufficient to kill UPEC by approximately 50% and 75% respectively however 10 mM failed 

to limit UPEC survival (Figure 3.1B). Interestingly we found that in both the 50 mM and 100 

mM groups a cycA dsdX double mutant was significantly sensitized compared to wildtype 

(Figure 3.1B). Since CycA is capable of transporting D-alanine we also tested UPEC survival 

in the presence D-alanine as a DAO substrate. We found that both a cycA and a cycA dsdX 

double mutant were more susceptible to DAO killing compared to wildtype (Figure 3.1C). 

To confirm that this susceptibility was due to an inability to remove substrate from the 

reaction we incubated UPEC with 50 mM D-serine (Figure 3.1D) or 5 mM D-alanine (Figure 

3.1E) and measured the remaining D-amino acid concentration in the supernatant (112). 

Mutations in either cycA or dsdX did not result in D-serine transport defects, however 

mutants lacking cycA were able to take up D-alanine from the supernatant than wildtype. 

Mutations in both cycA and dsdX resulted in a decrease in D-serine and D-alanine transport. 
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Together this data indicates that UPEC CFT073 requires both cycA and dsdX to protect 

against DAO in vitro. 

 

D-amino acid transporters protect UPEC from DAO-dependent killing 

The in vitro killing data suggested that the increased DAO-dependent killing of 

"cycA and "dsdX mutants was due their inability to sequester DAO substrate from the 

enzyme, which would lead to an excess production of ROS. To test this, we generated UPEC 

strains that report on ROS stress through OxyR-dependent expression of luciferase. To 

ensure that the CFT073 transporter mutants were able to sense ROS generated non-

enzymatically, we added exogenous hydrogen peroxide to cultures and measured 

luminescence, indicating that both wild type cells and the transporter mutants sensed external 

hydrogen peroxide equally. (Figure 3.2A). Next we tested whether the increased DAO-

dependent killing was linked to increased ROS exposure. When exposed to DAO and 

exogenous D-alanine, the "cycA and "cycA "dsdX double mutant had ~ 6.5 and 9.4-fold 

increase in luminescence compared to wildtype UPEC. When D-serine was used as the DAO 

substrate, luminescence was significantly increased in both the "dsdX and "cycA "dsdX 

double mutant (Figure 3.2B). UTI are accompanied by neutrophil influx into the infected site 

(194) and could be a major source of DAO for antibacterial responses.  To test whether DAO 

conferred a neutrophil effector function toward UPEC, bacteria were exposed to primary 

isolated peritoneal neutrophils in the presence or absence of the DAO inhibitor, CBIO. 

Neutrophil killing was measure 90 min post infection. A cycA and cycA-dsdX double mutant 

were sensitized to neutrophil killing compared to wildtype UPEC (Figure 3.2C). Exposure to 

ROS in both a cycA mutant and a cycA dsdX double mutant was significantly higher in the 
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presence of neutrophils, this phenotype was restored in the presence of CBIO (Figure 3.2D). 

These data suggest that CycA and DsdX protect UPEC from ROS produced by DAO in vitro 

and neutrophils. 

 

CycA and DsdX protect against DAO produced hydrogen peroxide during urinary 

tract infections  

To characterise the contribution CycA and DsdX have on UPEC viability in vivo we 

competed each of the D-amino acid transporter mutants against wildtype UPEC in a murine 

UTI model. In uncontrived CBA/J mice a cycA deletion mutant was attenuated for fitness 

however the single dsdX mutant was not. Interestingly the cycA fitness defect was 

exacerbated upon deletion of both cycA and dsdX (Figure 3.3A). This phenotype could be 

partially reverted by rendering mice neutropenic with an α-Ly6G antibody or by inhibiting 

DAO in vivo with CBIO (Figure 3.3A). To link this phenotype with DAO-generated ROS, 

we infected mice with UPEC strains harbouring the PahpC-lux reporter and found that cycA 

and dsdX mutants were exposed to higher ROS levels in vivo (Figure 3.3B), which could be 

normalized upon DAO inhibition (Figure 3.3D). ROS exposure was quantified ex vivo in 

infected kidneys treated with CMC or CBIO (Figure 3.3C and 3.3E respectively). Kidneys 

infected with transporter mutants showed elevated ROS exposure, however in the prescence 

of DAO this ROS exposure decreased. Together these data suggest that cycA and dsdX play a 

role in protection against DAO produced ROS in the kidney. 
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UPEC isolated from recurrent UTI express higher levels cycA and dsdX compared to 

acute infections  

Twenty five percent of women suffering from an acute UTI can have a recurrent 

episode of infection within 6 months of the initial infection. Up to 68% of recurring UTIs are 

caused by E. coli that are genetically identical to the original infecting strain (197). We tested 

whether cycA and dsdX were upregulated in E. coli isolated from patients suffering from 

recurrent UTIs compared to strains from acute infections. Clinical isolates were collected 

from 5 patients presenting with acute UTIs and 5 with recurrent infections (two incidences 

within one year). These strains were grown in LB and freshly collected sterile urine with 

RNA levels being measured thereafter. Strains isolated from recurrent UTIs displayed 

elevated expression of both cycA and dsdX in urine compared to LB (Figure 3.4A). We next 

measured gene expression of cycA and dsdX in an ascending UTI model of infection. The 

expression of these genes isolated from ex vivo kidneys relative to LB was increased in 

recurrent isolates (Figure 3.4B).    

 

 

 

 

 

 



Ph.D. Thesis – B. Tuinema; McMaster University – Biochemistry and Biomedical Sciences 

 79 

DISCUSSION 

An increasing number of studies have demonstrated that DAO acts as a source of 

antimicrobial ROS that serves to protect mucosal surfaces from bacterial pathogens (104, 

112, 114). While previous work has been limited to the gut and neutrophils, there is no data 

on whether this innate pathway protects the urinary tract. DAO is expressed in the kidneys, 

suggesting that its role in host protection may be more broadly distributed. DAO was 

originally suggested to remove excess D-serine from the body (176), however D-serine is 

non-toxic to mammals and only becomes damaging upon oxidation by DAO (121). This 

supports an alternative role for D-serine oxidation by kidney DAO as an innate immune 

factor. As pyelonephritis worsens UPEC can breach the kidney epithelium and become 

exposed to neutrophils resulting in potential exposure to DAO in the kidney and neutrophils.  

The transporters DsdX and CycA are essential for the uptake of D-serine and CycA is 

additionally able to import D-alanine (138). Mutants lacking either transporter are able to 

survive on a sole nitrogen and carbon source of D-serine however a double mutant fails to 

grow (138). Our competitive infection data showed that a dsdX mutant was as fit as wildtype 

in an ascending infection model of UTI, whereas a cycA mutant was attenuated for survival. 

This may suggest that CycA performs a non-redundant role to DsdX, perhaps in the 

sequestration of D-alanine in a similar manner to the D-alanine transporter, DalS, in 

Salmonella. Compared to control mice, a cycA mutant survived better in mice that were 

neutropenic or in which DAO was inhibited, suggesting that both neutrophil and perhaps 

kidney-derived DAO are involved in host protection in this model. Only UPEC strains with 

disruptions in the cycA gene were sensitized to neutrophil killing in vitro, further suggesting 
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a role in neutrophil survival possibly due to its ability to transport D-alanine similar to that of 

DalS. Interestingly, a double transporter mutant is further attenuated for survival during a 

murine infection, potentially due to a complete inability to transport D-serine. During a 

Salmonella infection model chemically inhibiting DAO with CBIO restored a dalS mutant 

survival defect completely, however in our ascending UTI model we failed to completely 

restore the transporter mutant defect. This survival phenotype is most likely a result of 

increased exposure to DAO produced ROS as shown by UPEC strains capable of sensing 

small changes in ROS stress, a phenotype that was altered by CBIO treatment. 

Previously dsdX and cycA genes were shown to be expressed under different 

physiological conditions. Expression of cycA is controlled by the nitrogen-scavenging system 

(Nac) under low nitrogen (198, 199) and the gcvB small RNA that is responsive to glycine 

concentrations (143), whereas dsdX expression is controlled by DsdC and requires D-serine 

for transcriptional activity (200). Previous work (201) and this paper have demonstrated that 

both dsdX and cycA are up regulated when UPEC is exposed to urine or isolated from UTI 

patients. In a murine UTI model UPEC can reach the kidneys as early as 2 hours post 

infection (202). This activation in urine may act as a priming mechanism to rapidly increase 

expression of D-serine importers prior to colonization of the kidneys. UPEC isolates from 

patients with recurrent UTIs expressed higher levels of cycA and dsdX compared to isolates 

from single acute. Recurrent UTIs have been demonstrated, in many cases, to stem from 

quiescent intracellular reservoirs of UPEC found within the renal epithelium, suggesting that 

such strains may have additional mechanisms to persist in the face of host defenses. The 

upregulation of D-amino acid transporters that protect the bacteria from host-mediated killing 

may be one mechanism underlying this ability to persist. 
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MATERIALS AND METHODS 

Ethics Statement  

All animal experiments were conducted according to guidelines set by the Canadian Council 

on Animal Care using protocols approved by the Animal Review Ethics Board at McMaster 

University. All experiments using human samples were conducted according to the 

guidelines set by the Hamilton Integrated Research Ethics Board. 

 

Bacteria, cloning, and deletion mutants 

Bacterial strains are isogenic derivatives of uropathogenic Escherichia coli stain CFT073 or 

human clinical isolates that were obtained from Harry Mobley (University of Michigan). All 

strains are listed in Table 3.1. The OxyR-dependent ahpC-lux transcriptional reporter was 

generated as described previously with slight modifications (112). Three-hundred bp 

upstream of the UPEC CFT073 ahpC gene was amplified using primers BRT192 and 

BRT193 and cloned as a SnaBI/BamHI fragment in pGEN-luxCDABE. Deletion mutants 

were generated using the Lambda Red recombinase system (203). Chloramphenicol 

resistance cassettes were amplified from pKD3 with either BRT184 and BRT185 to create 

the cycA deletion construct, or BRT186 and BRT187 to create the dsdX deletion construct. 

DNA fragments were electroporated into UPEC CFT073 containing the pKD46 plasmid. 

Colonies were screened by colony PCR.  Resistance cassettes were removed using the FLR 

recombinase encoded on pCP20 for in vitro assays but were untouched for in vivo 

competitive infections. 
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Protein purification  

Purification of DAO-6HIS was performed as described previously (112). Recombinant DAO 

was purified by growing E. coli BL21 (DE3) carrying pDAO-6HIS in LB at 37 deg. C. and 

inducing in mid-log phase with 0.1 mM IPTG for 20 h at 37 deg. C. Cultures were 

centrifuged at 4000 g for 13 min at 12 deg. C., resuspended in lysis buffer (20 mM Tris, pH 

7.5, 0.5 M NaCl, protease inhibitors), and lysed via sonication. Lysates were centrifuged at 

10000 g for 30 min at 4 deg. C. Supernatant was loaded onto a Ni-NTA bead column and 

washed with an imidazole gradient (10, 20, 40 mM) in TBS (40 mM Tris, pH 7.5, 0.5 M 

NaCl). DAO-6HIS was eluted in TBS containing 80-320 mM imidazole and purity was 

determined using SDS-PAGE. Purified DAO was buffer exchanged and concentrated in TBS 

using 3K Amicon Ultra Centrifugal filters (Millipore, UFC800324) and stored at -80 deg. C.   

 

Enzyme assays 

 (i) DAO production of hydrogen peroxide. Enzymatic activity of DAO was measured by a 

colorimetric assay using peroxidase-coupled oxidation of o-dianisidine as previously 

described (112). Briefly DAO (5 µg/mL), D-alanine (5 mM) or D-serine (5, 10, 25, or 50 

mM), and horseradish peroxidase (6.6 µg/mL, Sigma) were incubated at room temperature in 

PBS containing o-dianisidine (75 µg/mL). After 60 min, A460nm was measured.  (ii) 

Estimation of D-serine concentration. CFT073 was grown to mid-log phase in LB medium at 

37 deg. C. Bacteria were washed twice in (PBS) and 1 x 107 UPEC were incubated with 50 

mM D-serine for 3 h at 37 deg. C. in PBS. Cultures were pelleted at 10,000 g for 2 min, 

supernatant was filter sterilised, and incubated with DAO (5 µg/mL), horseradish peroxidase 
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(6.6 µg/mL, Sigma) at room temperature in PBS containing 75 µg/mL o-dianisidine and 

A460nm was measured after 1 h.  

 

Bactericidal activity assays with purified DAO 

UPEC was grown to mid-log phase in LB at 37 deg. C. and washed twice in PBS. 1 x 107 

UPEC were incubated with 5 µg/mL DAO and D-alanine (5 mM) or D-serine (5, 10, 25, or 

50 mM) in PBS at 37 deg. C. with shaking for 2 h. Cultures were serial diluted in PBS and 

plated on LB to measure the remaining viable cfu. Colony forming units were determined 

and normalised to cultures grown in buffer. 

 

Isolation of mouse peritoneal neutrophils and bactericidal activity 

Female 6-10 week old CBA/J mice (Jackson Laboratory) were injected via the peritoneum 

with 1 mL 2% Biogel (Biorad) in PBS. Neutrophils were harvested via peritoneal lavage 12-

16 h later with 6 mL RPMI (10% FBS, 1 x HEPES, 1 x sodium pyruvate, 1 x β-

mercaptoethanol, 1 x essential amino acids). Cells were passed through a 40 µm cell strainer 

to remove Biogel and purity was determined by Giemsa staining (Sigma). Neutrophils were 

treated with 3 µM CBIO in 0.5% CMC to inactivate DAO, or with CMC alone at 37 deg. C., 

5% CO2 in RPMI for 60 min. Overnight cultures of CTF073 strains with ahpC-luxCDABE 

were diluted in RPMI medium and added to neutrophils at a multiplicity of infection of 100:1 

in 96-well tissue culture plates. Infected cells were incubated at 37 deg. C., 5% CO2 in RPMI 

for 30 min to allow bacterial uptake. Infected cells were washed five times in PBS and 

incubated for an additional 30 min for ahpC-luxCDABE assays. Luminescence was measured 
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in bacteria containing the ahpC-lux reporter. Neutrophils were washed five times with PBS 

and lysed using in 250 µL of lysis buffer (1% Triton X-100, 0.1% SDS). Lysates were serial 

diluted and plated for cfu determination. Luminescence was normalised to cfu. 

 

Animal experiments 

For in vivo experiments, anesthetised CBA/J mice (Jackson Laboratory) were infected via the 

urethra with 1 x 108 UPEC described previously (204). At 96 hrs post-infection mice were 

sacrificed by cervical dislocation and kidneys were harvested. Organs were homogenised in 

PBS with a Mixer Mill (15 min, 30 Hz) (Retsch), serial diluted in PBS, and plated on LB. 

Colonies were replica plated onto LB agar containing either chloramphenicol or LB alone to 

determine the ratio of wild type to mutant colonies. To induce neutropenia, mice were 

injected i.p. with 0.15 mg αLy6G clone 1A8 antibody (BioXcell) for two consecutive days 

prior to infection. For inhibition of DAO in vivo, mice were injected i.p. with 25 mg/kg 

CBIO in 0.5% carboxymethylcellulose (CMC) (Sigma) or 0.5% CMC every 8 h during the 

course of infection.  

 

Bioluminescent reporter assay  

UPEC CFT073 wild type and transporter mutants containing the PahpC-luxCDABE reporter 

were grown to mid-log phase in 96-well plates. Bacteria were treated with hydrogen peroxide 

(1, 10, 100 µM) and A600 nm and luminescence was measured every 10 min for 60 min. 

Luminescence was normalized to the A600 nm.  
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In vivo bioluminescent imaging  

CBA/J mice were dosed with 25 mg/kg CBIO in 0.5% CMC or 0.5% CMC control and 

infected via the urethra with 1 x 108 UPEC containing the ahpC-luxCDABE reporter 1 h post 

treatment. Mice were anesthetised (2% isofluorane carried in 2% oxygen) 4 h after infection 

and imaged for 5 min in a Spectrum in vivo Imaging System (IVIS) (Caliper Life Sciences). 

Kidneys were isolated, diced, and imaged ex vivo. Tissues were homogenised as described 

above, serial diluted, and plated on LB agar to obtain total cfu per organ. Total flux was 

normalised to tissue cfu. 

 

RNA isolation 

Clinical UPEC isolates were grown in 10 mL of LB or freshly collected urine for 3 hrs at 

37°C with shaking. Cell pellets were lysed in 2 ml TRIzol reagent (Life Technologies) and 

incubated at room temperature for five minutes, or frozen at -20 deg. C. for later processing. 

Phase separation was done by phenol-chloroform extraction, following the manufacturer’s 

instructions. Two-hundred µL of chloroform (Biobasic) was vigorously mixed with 1 mL of 

TRIzol, followed by centrifugation at 12000 g for 15 minutes at 4 deg. C. The aqueous phase 

was collected and RNA was isolated by isopropanol precipitation using 500 µL of 100% 

isopropanol (Biobasic) per 1 mL of TRIzol reagent. After a 10 minute incubation at room 

temperature, RNA was pelleted by centrifugation at 4 deg. C. for 15 minutes at 12000 g. 

RNA was then washed with 75% ethanol and centrifuged once more under the same 

conditions. The resulting pellet was allowed to air dry for 5-10 minutes to remove any 

remaining ethanol, and resuspended in 100 µL of RNase free water (Ambion). RNA was 

treated with DNase I (Ambion) for one hour at 37 deg. C., followed by DNase inactivation. 
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The RNA was then mixed with isopropanol and incubated at -20 deg. C. for thirty minutes or 

overnight. RNA was pelleted by centrifugation at 4 deg. C. for 15 minutes at 12000 g, 

washed once with 75% ethanol, re pelleted, and resuspended in water. 

 

cDNA and qRT-PCR 

Prior to cDNA synthesis, RNA from all isolates was adjusted to identical concentrations. Six-

hundred ng total RNA from each sample was used for reverse transcription using the Quanta 

Biosciences qScript cDNA supermix. Controls reactions omitted reverse transcriptase. First 

strand cDNA was diluted 1:10 prior to quantitative PCR, carried out in 96-well format using 

a Light Cycler 480 (Roche) with SYBR Green (PerfeCTa SYBR green supermix, Quanta 

Biosciences). Primers BRT 194 and BRT 195 were used to amplify cycA, BRT 196 and BRT 

197 for dsdX and BRT 198 and BRT 199 were used for rsmC. Cycle threshold (Ct) values 

were used to calculate RNA concentrations based on a genomic standard curve for each 

primer pair. RNA concentrations for cycA and dsdX were normalized to the housekeeping 

gene rsmC, and normalized to levels in LB. Each experiment used two technical replicates, 

and was repeated three times. 

 

Statistical analysis 

Treatment groups were compared using a non-parametric Mann-Whitney test. All analyses 

were performed using Graph Prism 4.0 (GraphPad Software Inc. San Diego, CA). A P value 

of .05 or less was considered significant. 
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Figure 3.1. CycA and DsdX protect Uropathogenic E. coli CFT073 by sequestering D-

amino acids. A) Recombinant DAO produces hydrogen peroxide upon addition of D-alanine 

and D-serine as measured by peroxidase-coupled oxidation of o-dianisidine. CFT073 

cycAdsdX double mutant is more susceptible to the reaction products of DAO. Bacteria were 

incubated with purified DAO in the presence of D-serine (10, 50, 100 mM) (B) or D-alanine 

(5 mM) (C).  CFT073 lacking both cycA and dsdX are defective for D-serine and D-alanine 

import. The ability of CFT073 to remove D-serine (50 mM) (D) and D-alanine (5 mM) (E) 

from PBS was estimated by DAO-catalyzed peroxidase-coupled oxidation of o-dianisidine. 

All experiments were performed independently three times. * P<0.05, ** P<0.01 (T-test) 
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Figure 3.1 
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Figure 3.2. CycA and DsdX limit exposure of CFT073 to DAO produced oxidative 

stress. A) The OxyR-dependent PahpC-lux reporter strain is sensitive to hydrogen peroxide. 

Wild type, cycA, dsdX, and a cycAdsdX double mutant sense non-enzymatic hydrogen 

peroxide equally. RLU data is normalized to the culture optical density. Reporter activity 

between wild type, cycA, dsdX, and a cycA-dsdX double mutants for each of the treatment 

groups are not significantly different. B) A cycA mutant is exposed to greater hydrogen 

peroxide stress compared to wild type following exposure to DAO and D-alanine. Both cycA 

and dsdX provide protection from oxidative stress when CFT073 is exposed to DAO and D-

serine. Data is from strains carrying the PahpC-lux reporter and are the means with standard 

error from three separate experiments. C) A cycA and cycA-dsdX double mutant are 

sensitized to neutrophil killing. Neutrophil killing was measured 90 min post infection in 

CBIO or control treated neutrophils. D) CFT073 lacking cycA are exposed to greater 

hydrogen peroxide stress in neutrophils. Hydrogen peroxide stress levels are restored when 

DAO is inhibited with CBIO. Data is from strains carrying the PahpC-lux reporter 30 min 

following infection of purified neutrophils and are the means with standard error from three 

separate experiments. * P<0.05, ** P<0.01, ns-not significant (T-test) 
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Figure 3.2 
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Figure 3.3. CFT073 requires cycA and dsdX for protection against DAO in vivo. A) 

Inhibition of DAO and neutropenia normalizes the fitness defect of cycA CFT073 and cycA-

dsdX CFT073. Control (CMC), DAO inhibited (CBIO) and neutropenic (Ly6G) mice were 

infected with an equal mixture of wild type and mutant CFT073 for 4 days. Shown is the 

competitive index data from three experiments. CFT073 transporter mutants are exposed to 

greater peroxide stress than wild type in vivo. CBA mice were infected with either wild type, 

cycA, dsdX, or cycA-dsdX mutants containing the OxyR-dependent luminescent reporter, and 

then treated with carboxymethylcellulose (control, B) or DAO inhibitor CBIO (D). Images 

represent 5 min integrations of infected mice from three independent experiments. (C, E) Ex 

vivo imaging of excised kidneys from mice in (B and D) were quantified and normalised cfu 

and wildtype expression. 
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Figure 3.3  
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Figure 3.4. cycA is upregulated in urine and during a kidney infection. A) cycA and dsdX 

expression were measured in 10 UPEC clinical isolates taken from either acute or recurrent 

infections and grown in fresh urine and normalised to samples from LB. B) Mice were 

infected with 10 UPEC clinical samples and cycA and dsdX gene expression was measured in 

ex vivo kidneys. 
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Figure 3.4 
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Table 3.1. Strains used in this study. 

Strain 
 
Reference or source 
 

Uropathogenic E. coli CFT073 (wild type) Our collection 
CFT073 ΔcycA This study 
CFT073 ΔdsdX This study 
CFT073 ΔcycAΔdsdX This study 
CFT073 ΔcycA::Cm This study 
CFT073 ΔdsdX::Cm This study 
CFT073 ΔcycAΔdsdX::Cm This study 
E. coli BL21 (DE3) pET3a::DAO-6HIS (Tuinema et al., 2016) 
CFT073 wild type PahpC-pGEN-luxCDABE This study 
CFT073 ΔcycA PahpC-pGEN-luxCDABE This study 
CFT073 ΔdsdX PahpC-pGEN-luxCDABE This study 
CFT073 ΔcycA ΔdsdX PahpC-pGEN-luxCDABE This study 
HM 01 Mobley Lab 
HM 03 Mobley Lab 
HM 06 Mobley Lab 
HM 46 Mobley Lab 
HM 68 Mobley Lab 
HM 26 Mobley Lab 
HM 27 Mobley Lab 
HM 35 Mobley Lab 
HM 57 Mobley Lab 
HM 61 Mobley Lab 
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Table 3.2. List of oligonucleotides used in this study. 

 
Oligonucleotide 

 

 
Sequence 

BRT 184 atggtagatcaggtaaaagtcgttgccgatgatcaggctccggctgaagtgtaggctggagctgcttcg 
BRT 185 ttatttccgcagttcagcagcccgtttcttaccaataaacagccagcccatatgaatatcctcctta 
BRT 186 atgcactctcaaatctgggttgtgagcacgctgcttatcagcatcgtggtgtaggctggagctgcttcg 
BRT 187 atagtatttaaatgtttcattgagcgtagcgccgcaatattgcttcaccatatgaatatcctcctta 
BRT 192 cgggatccagcttagatcaggtgattgcc 
BRT 193 cgtacgtaccgtttttgaatgcctggttt 
BRT 194 atcactgccacgcgcgatt 
BRT 195 gctttcggtgccacacctt 
BRT 196 atatgttgccaataagctggg 
BRT 197 caatcgttttaaccaacatcag 
BRT 198 gcacggatatttttgtcgttg 
BRT 199 gccacagccgacatccag 
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DISCUSSION 

Summary of Main Findings 

Human pathogens have a significant impact on health outcomes worldwide. 

Characterising the underlying mechanisms of how these pathogens evade innate immunity 

will assist in the development of novel strategies to control infections. The importance of this 

research is further compounded as researching these pathogens provides insights into the 

underlying mechanisms of the innate immune system and human health. The work in this 

thesis focussed around two pathogenic bacteria species Salmonella enterica and 

uropathogenic E. coli. and characterised two distinct amino acid transport systems involved 

in virulence. Taken together this work describes a novel host-pathogen interaction common 

between Salmonella, UPEC, and potentially other pathogens. 

Salmonella is commonly contracted through contaminated food and water and is of 

great concern in both developing and developed countries (6). This pathogen has undergone 

several important horizontal gene transfer events resulting in the acquisition of multiple 

pathogenicity islands, the most important to this work is that of SPI-2 (3). The 

characterization of the SPI-2 regulator, SsrB, using functional genomic techniques has led to 

the identification of several genes that have undergone regulatory evolution to come under 

the control of SsrB. One such gene, dalS, provides a fitness advantage during infection by 

transporting D-alanine and yet a protective mechanism remained enigmatic. As such we 

tested the putative role of DalS during Salmonella infection. Deletion of dalS was found to 

sensitize Salmonella to in vitro killing mediated by the DAO dependent production of ROS 

(Figure 2.1), as well as survival within neutrophils (Figure 2.2). Using a murine model of 

systemic salmonellosis, we demonstrated that a dalS mutant is less fit than wildtype in vivo 
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(Figure 2.3) due to elevated levels of DAO produced ROS (Figure 2.4). This work 

demonstrates the first example of an amino acid transporter sequestering substrate to evade 

the innate immune system. In addition, it outlines an in vivo antimicrobial role for DAO 

during bacterial infections. 

Over 80% of all urinary tract infections are caused by uropathogenic E. coli (58). It 

has previously been demonstrated that a triple deletion of the D-serine transporters, cycA and 

dsdX, and the D-serine deaminase, dsdA, results in a fitness defect during murine 

pyelonephritis (147). However the underlying mechanism accounting for this fitness defect 

was unclear. DAO is highly expressed in kidneys and rapidly degrades excess D-serine prior 

to excretion, resulting in the production of ROS (115). We tested whether UPEC CycA and 

DsdX sequester D-serine to prevent DAO killing. Exposing transporter mutants to 

recombinant DAO and exogenous D-serine resulted in a statistically significant increase in 

ROS dependent killing of all strains and a sensitization of the transporter mutant (Figure 3.1). 

Using an ascending urinary tract infection model we demonstrated that UPEC requires these 

transporters to survive ROS produced by DAO (Figure 3.3). This work outlines a function 

for two previously identified D-serine transporters crucial for the survival of UPEC and 

highlights a possible conserved mechanism of innate immune system subversion by bacterial 

pathogens. 

Despite the progress this work makes to better understand bacterial virulence 

strategies and the innate immune system, the following questions still remain: Do other 

transport systems exist that protect bacteria from DAO or other antimicrobial mechanisms? 

Do DalS or CycA provide a secondary role during virulence? When is DAO functional 

during an infection? What is the biological source of DAO substrate during an infection? 
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What is the fate of DAO produced hydrogen peroxide? Does DAO have a secondary role 

within neutrophils? These questions will be the focus of the following sections. 

 

Future Directions for Bacterial Evasion of DAO 

 

 The identification of dalS and cycA demonstrated a new mechanism by which 

Salmonella and UPEC evade the immune system, however it is unclear if dalS and cycA have 

alternate roles during infection; to what extent this virulence strategy exists in other infection 

systems, and whether vancomycin resistance inadvertently protects against DAO. 

We identified D-alanine as the biological substrate of DalS however it appears 

glycine (148) and D-serine (unpublished) may also be transported by DalS. Using a 

radiolabelled uptake assay it was demonstrated that DalS does not appear to directly import 

glycine however this has not been tested with D-serine. D-serine is of particular interest with 

regards to DalS as it is a biological substrate for DAO. Although it is unlikely that D-serine 

transport protects against DAO during an intracellular neutrophil infection we cannot rule out 

an alternative role for D-serine transport in other stages of a Salmonella infection. Of interest 

is the sensitization of Salmonella to macrophage killing upon deletion of dalS (148). DAO is 

not expressed, to our knowledge, in macrophages indicating a possible secondary role of 

DalS in this cell type. The transport of D-serine or another undetermined substrate may play 

a role in this sensitization.  

 During infection of mice, a cycA dalS double mutant had a more severe decrease in 

fitness than either individual mutant. This suggests that the roles of cycA and dalS are not 

completely redundant as one would expect a phenotype would only be present in the double 
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deletion and not either of the single mutants. Although we demonstrated a role for both dalS 

and cycA in protection against DAO there may exist differences between these two 

transporters. Work discussed in the Appendix has suggested that cycA and dalS are regulated 

differentially during a murine infection. This may suggest that these two transporters may 

provide protection against DAO at different time points or perhaps under different metabolic 

conditions as DalS is part of an active ABC transporter and CycA is a transmembrane 

passive permease. Alternatively, the redundancy of these genes may suggest the importance 

of protecting against DAO produced hydrogen peroxide. 

 Recently it was demonstrated that Vibrio cholera is sensitive to DAO killing in vitro 

and in the proximal small intestine of mice (104). This sensitization appears to be more 

drastic than that observed with S. Typhimurium, E. coli, and Listeria monocytogenes. 

Although cycA homologues are found in most bacteria a homologue is absent in Vibrio 

cholera. The lack of cycA may explain an increased sensitivity to DAO killing. Testing the 

ability of Vibrio to sequester D-amino acids away from DAO may provide insights into why 

some bacteria are sensitized to DAO. Interestingly, Osborne et al. demonstrated that a dalS 

mutant is attenuated in the cecum of mice after an oral competitive infection with 

Salmonella. The mechanism for this remains unclear but is potentially due to DAO secreted 

by goblet cells and located in the proximal intestine providing a selective barrier during a 

Salmonella infection. A second possibility is that a dalS mutant escapes the intestine 

unaffected but is sensitized during neutrophil engulfment changing the population 

distribution. This new population of Salmonella can subsequently re-seed the gut through the 

bile duct resulting in a what appears to be a cecum localised phenotypic defect. Alternatively 

this fitness defect may be a result of exposure to infiltrating neutrophils during an intestinal 
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infection. During Salmonella induced gastroenteritis, intestinal epithelial cells can release 

proinflammatory cytokines. Neutrophils are attracted by these signals, transverse the 

epithelium, and can target pathogens in the intestinal lumen (182). Understanding where this 

occurs may illuminate how DAO plays a role in acute gastroenteritis of Salmonella and 

Vibrio. 

 Multi-drug resistance is becoming an increasing problem in health care due to limited 

treatment options available to combat these pathogens. Vancomycin targets the cell wall of 

Gram positive bacteria by binding the D-alanyl-D-alanine moiety of N-acetylmuramic acid 

and N-acetylglucosamine peptides which in turn prevents the polymerization of these 

peptides. Vancomycin resistance results in a substitution of the terminal D-alanine residue in 

the stem peptide of peptidoglycan to a D-lactate residue. Considering this I hypothesize that 

vancomycin resistance inadvertently results in protection against DAO. This removal of D-

alanine effectively reduces the concentration of D-alanine by half in the cell wall of these 

bacteria therefore limiting the overall substrate for DAO. This resistance only occurs when in 

the presence of vancomycin suggesting that during an untreated infection this would not be 

beneficial, however this adaptation may provide increased virulence in the presence of 

vancomycin. Although we have demonstrated that Vancomycin-resistant Enterococci does 

have less D-alanine available for DAO oxidation after exposure to vancomycin (unpublished) 

it is still unclear whether this plays a role in virulence. More work is required to test whether 

this phenotype extends to an in vivo model.   
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Future Directions for the Characterization of DAO 

   

 DAO is responsible for several key functions in mammals. This work has 

demonstrated DAO as an important arm of the innate immune system, however several 

questions remain.  Perhaps the most paramount of which is the source of DAO substrate 

during bacterial infections. It is clear that the source of D-alanine must be bacterial in origin 

but whether it is produced by the microbiota and circulates through serum to sites of 

infections or it is directly produced by the pathogen remains to be elucidated. If DAO plays a 

role in bacterial clearance in the intestinal lumen D-alanine produced by the microbiota may 

be a viable substrate. Circulating serum concentrations of D-alanine represent approximately 

5% of all alanine in healthy individuals (205). Although D-alanine is present in the blood it 

may be occluded from the lamina propria and other infection sites limiting the concentration 

of microbiota derived D-alanine. I hypothesize that DAO works synergistically with 

membrane perturbing antimicrobial peptides that liberate D-alanine from Salmonella. We 

have demonstrated that sub-inhibitory concentrations of LL-37 are capable of potentiating 

DAO killing especially in the presence of a dalS mutant (Figure A.2). To further test this, a 

more rigorous approach is required. Using a series of AMPs and DAO at different 

concentrations to calculate a fractional inhibitory concentration it is possible to determine if 

these enzymes work in concert. In addition, by inhibiting select AMP’s in vivo while 

simultaneously inhibiting DAO it may be possible to determine if this synergy occurs in 

neutrophils.  

 During engulfment, pathogens are exposed to reactive oxygen species generated by 

NADPH oxidase. In neutrophils, the ROS produced by NADPH oxidase is converted to 
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hypochlorous (HOCl) acid by myeloperoxidase which is believed to be the prominent 

antimicrobial compound. The kinetics of NADPH oxidase are well characterised (86) 

however it is unclear when ROS is produced by DAO and to exactly what extent it is 

required during neutrophil killing. It has been shown that the limiting step in this pathway is 

the production of hydrogen peroxide (89) and therefore an auxiliary source of ROS could be 

beneficial for the elimination of pathogens. Chapter two demonstrated that DAO may be the 

source of auxiliary ROS production (Figure 2.4). Work from the early 2000’s demonstrated 

that Salmonella requires the SPI-2 T3SS to prevent NADPH oxidase assembly resulting in an 

incomplete respiratory burst and increased Salmonella survival (184). However there exists 

controversy surrounding this data as Aussel et al. demonstrated that Salmonella lacking a 

SPI-2 T3SS were exposed to equivalent NADPH oxidase produced ROS and were equally 

attenuated compared to wildtype in both wildtype and CYBB-/- mice.  Although this data has 

been questioned it still outlines a possible need for a second source of ROS during an 

infection. Alternatively, the role of DAO may be to generate ROS prior to NADPH oxidase 

assembly. Upon engulfment of a bacterium NADPH oxidase complex requires time to 

assemble whereas DAO does not require this assembly step. This would allow for DAO to 

generate ROS prior to NADPH oxidase. This initial burst may be crucial for the clearance of 

pathogens, however this remains unclear. To understand the role of DAO during neutrophil 

engulfment it is key to understand the kinetics of DAO during an infection. By monitoring a 

single live cell infection, it may be possible to understand how both DAO and NADPH 

oxidase function during infections. 

 During this work we have assumed the biological function of DAO is to generate 

antimicrobial levels of ROS either directly or through an MPO intermediate. In 1981 using S. 
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aureus and human phagocytes, Segal demonstrated that within neutrophils there existed a 

slight increase in phagosomal alkalinity followed by a delay in phagosomal acidification in 

neutrophils compared to macrophages (206). The authors argued that this temporary increase 

in pH allows for the priming of neutral proteases and was therefore not required in 

macrophages. It was proposed that this was due to NADPH oxidase and was independent of 

the particle being phagocytosed. This was later contested as Jankowski in 2002 demonstrated 

that this was not the case and no alkalinity occurred when these phagocytes were exposed to 

synthetic beads (207). I hypothesise that both results are correct however the nature of the 

particle is important and DAO is the source of alkalinity. During the oxidative deamination 

by DAO the basic compound ammonia is produced potentially increasing the pH or delaying 

acidification. If DAO is the source of alkalinity than the nature and D-alanine content of the 

particle would be crucial and explain why this only occurs in neutrophils. Similar to bacteria 

neutral proteases are important for the clearance of fungi (208) however unlike bacteria, 

fungi do not produce D-alanine. To date no work has been conducted to determine if this 

acidification delay occurs when fungi are phagocytosis. Understanding this problem may 

answer the question as to why neutrophil phagosome acidification is delayed compared to 

macrophage. 

 

Anti-virulence as a mechanism for pathogen control 

 

 Antibiotic resistance is becoming an increasingly dire problem. The rate that 

antibiotic resistance is occurring shadows the rate at which new antibiotic classes are 

discovered (209). A major problem with antibiotic resistance is the ease at which resistance 
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can be transferred between species of bacteria. This resistance stems from antibiotic selective 

pressure imposed on bacteria thorough human intervention (210). One possible solution to 

limit this resistance is to target virulence machinery of the pathogen limiting the damage 

inflicted on the host. In doing so the innate immune system can more readily clear these 

pathogens. Although resistance towards these anti-virulence compounds can occur it is 

proposed that it occurs at a slower rate than traditional antibiotics (211, 212). In addition, the 

risk of transfer of resistance decreases due to specie specific targets and contextual exposure. 

If a bacterium acquires a resistant version of a virulence factor this may provide no benefit if 

that bacterium is unable to employ that specific virulence strategy (213). Also, the activation 

of particular virulence strategies are extremely environmentally dependent, and therefore the 

acquisition of a resistant virulence factor ex vivo may be too costly and not become stable in 

the population as readily as an antibiotic resistant gene (212). As such targeting virulence 

genes may serve as a better method for pathogen clearance. DalS, CycA, and DsdX may 

provide suitable targets for anti-virulence targets. These transporters have been demonstrated 

to be important for virulence within a host however their necessity ex vivo is limited. One 

caveat of this strategy may be that deletions of these transporters individually have only 

minor phenotypes compared to other virulence factors, however a cycA dsdX double mutant 

has a more dramatic phenotype and creating a compound that targets both may be more 

amenable to an anti-virulence strategy.  
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Concluding Remarks 

 

 The work presented in this thesis has sought to address a novel virulence strategy 

employed by several human pathogens. This was achieved by elucidating the specific 

function of two D-amino acid transporters, DalS in Salmonella and CycA in uropathogenic 

E. coli. As the number of infections caused by Gram-negative pathogens increases, as well as 

the increase of antibiotic resistance within these pathogens, the need to develop novel 

strategies to combat these pathogens also increases. In addition, by studying how these 

pathogens survive within the host we can achieve a better understanding of how the innate 

immune system limits infections. The development of novel treatment stems from a deep 

understanding of how these bacteria survive within the host and how the host controls 

infections. This work represents one strand of the complex web of host-pathogen interactions 

relevant to human health. 
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APPENDIX 

CycA and DalS Protect against DAO in Salmonella Infections 
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INTRODUCTION 

 

During a bacterial infection, neutrophils are a major immune cell type that protect the 

host against invading pathogens during early stages of an infection. Using a series of 

antimicrobial pathways, these phagocytic cells engulf and kill pathogens to limit systemic 

spreading throughout the host. Recent work has demonstrated that the production of ROS 

through the oxidation of D-alanine by DAO is one such pathway (112). In neutrophils, DAO 

has been shown to be localised to the membrane and phagosomes (113). However, this 

analysis was conducted using hydrogen peroxide production as a proxy for DAO location 

(113). Since hydrogen peroxide is also a downstream product of NADPH oxidase, it is 

unclear what the true source of hydrogen peroxide is.  Other studies have also found DAO in 

the granule fraction of neutrophil isolates (111) which potentially fuse with the phagosome 

during phagosome maturation.  

Eukaryotes are unable to produce D-alanine de novo therefore all D-alanine present is 

either produced by bacteria or ingested. D-alanine makes up part of the stem peptide in 

peptidoglycan and is required for the construction of the bacterial cell wall (132). Salmonella 

generates D-alanine through the epimerization of L-alanine and these two isomers exist in a 

1:1 equilibrium throughout the bacterial cytoplasm (132). During interactions with 

Salmonella, neutrophil DAO must use D-alanine produced by the host microbiota or D-

alanine generated by Salmonella itself. Little is known about the concentration of free D-

alanine generated by the microbiota at the bacteria-neutrophil interface, however it is known 

that some neutrophil antimicrobial peptides perturb the bacterial envelope causing cytosolic 

metabolites to leak from the cell (84).     
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Salmonella is able to prevent complete clearance by neutrophils during an infection, 

in part, through its ability to sequester D-alanine using the DalSTUV ABC transporter (148). 

In an effort to uncover similar DAO protection systems we identified a second D-alanine 

transporter in Salmonella, CycA. As previously discussed in Chapter 3, cycA is conserved 

across diverse taxa including Salmonella, and is responsible for the uptake of glycine, D-

serine, and D-alanine (142, 193) making it an alternative candidate for protection against 

DAO. Similar to the E. coli homologue, Salmonella cycA is regulated, in part, by the small 

RNA gcvB (144) however it is unclear whether other regulatory inputs exist. 

Understanding how and when DAO is functional in neutrophils will provide insights 

into how Salmonella evades these immune cells. As previously demonstrated Salmonella 

sequesters D-amino acids to prevent DAO produced ROS, however it remains unclear what 

the source of D-alanine is during an infection and if DalS is the only transporter capable of 

protecting against DAO. Here we show that DAO is localised to the neutrophil plasma 

membrane and upon infection this localization shifts to LAMP-1-positive vacuoles. LL-37 

may liberate D-alanine from Salmonella which in turn is available as a substrate for DAO. 

CycA functions to sequester D-alanine from DAO and a deletion of both cycA and dalS 

results in decreased fitness. DalS appears to function during very early infection time points 

where the expression of cycA is delayed. This data sheds light onto how Salmonella is 

protected against DAO. 

 

 



Ph.D. Thesis – B. Tuinema; McMaster University – Biochemistry and Biomedical Sciences 

 113 

RESULTS 

DAO localizes to LAMP-1 positive vacuoles after Salmonella infection 

Robinson, Briggs, and Karnovsky demonstrated that hydrogen peroxide was localised 

to neutrophil membrane and upon infection with E. coli this signal redistributed to the 

vacuoles (113). ROS production was only observed in the presence of D-alanine suggesting a 

role by DAO. Hydrogen peroxide is also produced through the conversion of superoxide 

produced by NADPH oxidase. To improve the specificity of DAO localization we tested 

whether antibodies targeted directly against DAO demonstrated a similar localization pattern 

as previously observed. In uninfected neutrophils, DAO was co-localized with the membrane 

marker CD43 (Figure A.1A). Upon infection with Salmonella, a redistribution of DAO to the 

vacuole and co-localization with LAMP-1occured (Figure A.1A). Using the Pearson 

coefficient, we quantified this relocation of DAO in neutrophils (Figure A.1B). 

A dalS mutant is sensitized to LL-37 assisted DAO killing 

To test whether LL-37 is able to liberate D-alanine from Salmonella, we exposed 

cultures to either purified DAO, LL-37, or both in cultures lacking exogenous D-alanine. 

Upon treatment with 5 µg/mL of DAO Salmonella was able to survive as well as a buffer 

treated control whereas Salmonella exposed to 10 µg/mL of LL-37 were slightly attenuated 

for survival (Figure A.2). Upon combination of both DAO and LL-37 a dalS mutant was 

sensitized to killing. These data suggested that combining LL-37 and DAO may potentiate 

killing. 
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CycA and DalS protect Salmonella against DAO produced ROS 

To determine if CycA could protect Salmonella against DAO in vitro we exposed 

bacteria to DAO and exogenous D-alanine. We found that Salmonella lacking cycA, dalS, or 

both showed a decrease in survival. This phenotype was restored by removal of DAO 

produced ROS from culture through treatment with a ROS scavenger, thiourea (Figure 

A.3A). These transporter mutants were less able to survive compared to wild type in 

neutrophils (Figure A.3B), a phenotype that was restored upon exposure to the DAO 

chemical inhibitor CBIO (Figure A.3C). We next tested the ability of a cycA mutant to 

compete against wildtype during a murine infection. Similar to a dalS mutant, cycA mutants 

were less fit than wildtype (Figure A.3C). Interestingly a transporter double mutant was 

further attenuated compared to a cycA single mutant (Figure A.3D). This fitness defect was 

restored through treatment with the chemical inhibitor CBIO (Figure A.3E). To test whether 

the fitness defect of these transporter mutants was due exposure to elevated ROS levels we 

infected CYBB-/- mice with either wildtype or a cycA mutant harbouring a ROS reporter 

capable of sensing minute changes in ROS (112). Mutants lacking cycA displayed elevated 

ROS exposure compared to wildtype and treatment with CBIO decreased this exposure 

significantly (Figure A.3F). Together this data suggests that cycA and dalS function to 

sequester D-alanine during infection limiting the available substrate for DAO. 

 

cycA and dalS are differentially expressed in vivo 

Previous work has demonstrated that dalS is regulated, in part, by the SPI-2 master 

regulator SsrA-SsrB (41, 148). Chromatin immunoprecipitation work has demonstrated a 

possible interaction between SsrB and the cycA promoter, similar to dalS, however SsrB 
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appears to not play a role in the expression of cycA (41). We next aimed to measure the 

expression in vivo of both genes using a transcriptional luciferase fusion. Interestingly the 

dalS reporter appeared to activate immediately after infection whereas the expression of cycA 

was delayed by approximately 40 min (Figure A.4A-B). 
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DISCUSSION 

 

There remain several unanswered questions in this project that will serve to clarify 

the interaction between Salmonella and DAO. Although preliminary results suggest that 

DAO undergoes a re-localization in neutrophils upon infection with Salmonella, further work 

is required to clarify this localization. Furthermore, we did not investigate the distribution of 

DAO associated with granules within naïve and infected neutrophils. This may provide 

insights into the timing of DAO mediated killing during an infection. Using fluorescently 

labelled DAO, it could be possible to track DAO during a Salmonella neutrophil infection in 

real time and better understand the localization pattern of DAO. DAO utilises bacterial 

produced D-alanine however how this D-alanine is liberated from bacteria remains elusive. 

Further work is required to address the synergy between DAO and AMPs. Neutrophils 

express several AMPs as well as other antibacterial factors that may liberate D-alanine from 

bacteria as a consequence of their antimicrobial function. Our research demonstrates that 

Salmonella requires CycA to protect against DAO even in the presence of DalS. We 

demonstrated that cycA and dalS expression differ suggesting a temporal requirement for 

both transporters, however this requires further experimentation. A more rigorous approach 

is required to elucidate the expression of these two transporters. In addition, traditionally 

redundant systems typically fail to present a phenotype when one system is removed. 

Phenotypes only exist if both systems are not present. When either transporter is deleted we 

still saw individual phenotypes that become more apparent upon double deletions. One 

alternate possibility is that cycA has a secondary function that is not captured in our 

experiments. 
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Understanding the temporal localisation of DAO within neutrophils and the 

biological source of D-alanine will provide insights into how Salmonella is protected against 

DAO. Since cycA is conserved across diverse taxa it may serve a non-DAO related purpose 

in bacteria that do not encounter DAO. The intracellular lifestyle of Salmonella may have led 

to the regulatory evolution of cycA in order to protect against ROS damage caused by 

neutrophilic DAO. 
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MATERIALS AND METHODS 

Ethics Statement  

All animal experiments were conducted according to guidelines set by the Canadian Council 

on Animal Care using protocols approved by the Animal Review Ethics Board at McMaster 

University. All experiments using human samples were conducted according to the 

guidelines set by the Hamilton Integrated Research Ethics Board. 

 

Bacteria, cloning, and deletion mutants 

Bacterial strains are isogenic derivatives of Salmonella Typhimurium SL1344. Deletion 

mutants were generated using the Lambda Red recombinase method (203). Chloramphenicol 

resistance cassettes were amplified with BRT 131 (atggtagatcaggtaaaagtcgcagccgacgaa-

caggctccggctgaagtgtaggctggagctgcttcg) and BRT 132 (ttaacgcattcccgccatccgtttcttacctatca-

acagccagcccagcatatgaatatcctcctta). DNA was electroporated into S. Typhimurium containing 

the pKD46 plasmid. Correct mutants were screened and resistance cassettes were removed 

using the FLR recombinase encoded on pCP20. 

 

Isolation of human peripheral blood neutrophils and fluorescence microscopy 

Human blood was layered onto Lympholyte-poly (Cederlane CL5071) and centrifuged at 20 

deg. C for 30 min at 500 g. The neutrophil layer was removed and osmolarity was stabilised 

with RPMI (10% FBS, 1 x HEPES, 1 x sodium pyruvate, 1 x β-mercaptoethanol, 1 x 

essential amino acids). Neutrophils were washed and resuspended in RPMI. Neutrophils 

were seeded onto glass coverslips and infected with Salmonella at an MOI of 10:1 for 2 
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hours. Coverslips were washed with PBS and fixed with 4% paraformaldehyde. Neutrophils 

were permeabilized with 0.2% Triton for 5 min, washed 3 times with PBS, and blocked with 

5% normal goat serum (NGS). Slides were stained with primary antibodies against DAO 

(Abcam) 1:100, LAMP-1 (DSHB)1:200, CD43 (Abcam) 1:100 in 1% NGS. Slides were 

washed 5 times with 0.1% bovine serum albumin and 0.1% Tween-20 in PBS and stained 

with secondary antibodies conjugated with Alexa fluorophores (Abcam)1:500. Slides were 

washed 5 times followed by mounting with Prolong Diamond with DAPI (Thermo Fisher 

Scientific). Pearson coefficient was determined by the ImageJ plugin JACoP.  

 

Protein purification 

Purification of DAO-6HIS was performed as described previously (112). Recombinant DAO 

was purified from E. coli BL21 (DE3) containing the plasmid pDAO-6HIS. Cells were 

grown in LB at 37 deg. C. to mid-log phase then induced with 0.1 mM IPTG for 20 h at 37 

deg. C. Cells were centrifuged at 4000 g for 13 min at 12 deg. C., resuspended in lysis buffer 

(20 mM Tris, pH 7.5, 0.5 M NaCl, protease inhibitors), and lysed via sonication. Lysates 

were pelleted at 10000 g for 30 min at 4 deg. C. Supernatant was loaded onto a Ni-NTA bead 

column and washed with an imidazole gradient (10, 20, 40 mM) in TBS (40 mM Tris, pH 

7.5, 0.5 M NaCl). DAO-6HIS was eluted in TBS containing 80-320 mM imidazole and 

purity was determined using SDS-PAGE. Purified DAO was buffer exchanged and 

concetrated in TBS using 3K Amicon Ultra Centrifugal filters (Millipore, UFC800324) and 

stored at -80 deg. C.   
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Bactericidal activity assays with purified DAO 

Salmonella was grown to mid-log phase in LB at 37 deg. C. and washed twice in PBS. 1 x 

107 Salmonella were incubated with 5 µg/mL DAO and 5 mM D-alanine or DAO alone, LL-

37 alone, or both in PBS at 37 deg. C. with shaking for 2 h. Cultures were serial diluted in 

PBS and plated on LB to determine killing activity. Colony forming units were determined 

and normalised to a buffer only control. 

 

Isolation of mouse peritoneal neutrophils and bactericidal activity 

Female 6-10 week old C57BL/6 mice (Jackson Laboratory) were injected intraperitoneally 

with 1 mL 2% Biogel (Biorad) in PBS. Neutrophils were harvested via peritoneal lavage 12-

16 h later with 6 mL RPMI. Cells were passed through a 40 µm cell strainer to remove 

Biogel and purity was determined by Giemsa staining (Sigma). Neutrophils were exposed to 

3 µM CBIO in CMC or CMC alone at 37 deg. C., 5% CO2 in RPMI for 60 min. Overnight 

cultures of SL1344 strains were diluted in RPMI medium and added to neutrophils at a 

multiplicity of infection of 100:1 in tissue culture wells. Infected cells were incubated at 37 

deg. C., 5% CO2 in RPMI for 30 min to allow bacterial uptake. Neutrophils were further 

incubated for 90 mins. Cultures were washed five times with PBS and lysed using in 250 µL 

of lysis buffer (1% Triton X-100, 0.1% SDS). Lysates were serial diluted and plated for cfu 

determination. 
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Animal experiments 

For in vivo experiments, C57BL/6 mice (Jackson Laboratory) were infected intraperitoneally 

with 1 x 106 Salmonella  described previously (112). At 48 hrs post-infection mice were 

sacrificed by cervical dislocation and liver and spleens were harvested. Organs were 

homogenised in PBS with a Mixer Mill (15 min, 30 Hz) (Retsch), serial diluted in PBS, and 

plated on LB. Colonies were replica plated onto LB agar containing either chloramphenicol 

or LB alone to determine the ratio of wild type to mutant colonies. For inhibition of DAO in 

vivo, mice were injected i.p. with 25 mg/kg CBIO in 0.5% carboxymethylcellulose (CMC) 

(Sigma) or 0.5% CMC only every 8 h during the course of infection.  

 

In vivo bioluminescent imaging  

C57BL/6 mice were dosed with 25 mg/kg CBIO in 0.5% CMC or 0.5% CMC only and 

infected intraperitoneally with 1 x 108 Salmonella containing the ahpC-luxCDABE reporter 1 

h post treatment. Mice were anesthetised (2% isofluorane carried in 2% oxygen) 4 h post-

infection and imaged for 5 min in a Spectrum in vivo Imaging System (IVIS) (Perkin Elmer). 

Total flux was normalised to input cfu. 

 

Statistical analysis 

Treatment groups were compared using a non-parametric Mann-Whitney test. All analyses 

were performed using Graph Prism 4.0 (GraphPad Software Inc. San Diego, CA). A P value 

of .05 or less was considered significant. 
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Figure A.1. DAO co-localizes with LAMP-1 in infected neutrophils. A) Human peripheral 

neutrophils were stained with antibodies against DAO (green), CD43 (red), and or LAMP-1 

(red) and imaged after exposure to Salmonella (infected) or no treatment (uninfected).  Co-

localization was quantified using the Pearson’s coefficient (B). ** P<0.01, ***P<0.001 DAPI 

(blue). 
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Figure A.1 
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Figure A.2. DAO mediated killing of a dalS mutant increases with treatment of LL-37. 

Wild type and a dalS mutant were exposed to DAO, LL-37, or both in the absence of 

exogenous D-alanine. A dalS mutant was more susceptible to killing by both LL-37 and 

DAO compared to either DAO or LL-37 alone and compared to wildtype. * P<0.05, *** 

P<0.001 
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Figure A.2 
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Figure A.3. CycA and DalS protect Salmonella from DAO produced ROS.  Transporter 

mutants were exposed to exogenous D-alanine and DAO and bacterial killing was monitored 

in the presence or absence of thiourea (A). B) Deletion mutants of cycA, dalS, and a double 

mutant are sensitized to neutrophil killing. Bacterial survival was measured 2 h post infection 

and killing was normalised to the initial uptake of Salmonella after 30 min. Sensitivity was 

restored through chemical inhibition of DAO by CBIO (C). A cycA mutant has decreased 

fitness compared to wildtype in vivo. This fitness is further decreased upon deletion of dalS 

in combination with cycA (D). Inhibition of DAO with CBIO restores this in vivo fitness 

defect (E). A cycA mutant is exposed to elevated levels of ROS produced by DAO in vivo. 

CYBB-/- mice were infected with wildtype or cycA mutants containing the PahpC-lux 

reporter. Deletion of cycA results in elevated ROS stress but is restored in the absence of 

DAO. * P<0.05 ** P<0.01 ***P<0.001 
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Figure A.3 
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Figure A.4. cycA and dalS are differentially regulated in vivo. C57BL/6 mice were 

infected with Salmonella containing either PdalS-lux or PcycA-lux. Expression of PdalS 

occurs immediately upon infected where as PcycA is delayed by 40 mins (A). Total flux was 

measured every 10 mins (B). * P<0.05, ** P<0.01 
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Figure A.4 
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