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Abstract 

Iron is crucial for many cellular processes including DNA synthesis and respiration. The 

majority of iron in mammals is in heme within hemoproteins, inside cells, or transported 

through circulation by the glycoprotein transferrin, which constitutes the greatest iron source 

in serum. Limiting iron availability is an important facet of nutritional immunity to help 

prevent infection.  

Staphylococcus lugdunensis is a human skin commensal and opportunistic pathogen 

capable of causing a variety of infections, including particularly aggressive endocarditis. It is 

an emerging pathogen with elevated virulence compared to other species of coagulase-

negative staphylococci. The versatility of S. lugdunensis to infect multiple niches and cause 

aggressive infection indicates that it likely adapts its cellular physiology to overcome host 

defenses, including iron limitation.  

In chapter 2, we demonstrate that, contrary to other staphylococci, S. lugdunensis 

does not produce a siderophore – small (<1 kDa) iron-chelating molecules that strip iron 

from host glycoproteins, including transferrin, and deliver it to microorganisms. As such, 

serum is growth-inhibitory to S. lugdunensis, unless it is supplemented with an iron source. 

We have identified and characterized several iron-compound transport processes through 

inactivation of genes required for acquisition of each respective compound. S. lugdunensis 

transports the staphylococcal carboxylate siderophores staphyloferrin A and staphyloferrin B 

through Hts and Sir, respectively, and is able to directly appropriate siderophores produced 

by S. aureus when in coculture, to support its growth. Heme and hemoglobin-iron is acquired 

via Isd. 
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In chapter 3, we demonstrate that hemolysis enhances growth in blood, in an Isd-

dependent manner. An iron-regulated ATPase, FhuC, is required for import of several 

carboxylate and hydroxamate siderophores, whereas Sst1 transports catecholamine stress 

hormone-iron (ie. adrenaline, noradrenaline, dopamine). fhuC and sst1 mutants are impaired 

for growth in absence of hydroxamates and catecholamines, indicating additional substrates 

acquired by these are vital to S. lugdunensis. Using a novel systemic model of S. lugdunensis 

infection, we show that a isd fhuC sst mutant is significantly impaired in its ability to 

colonize internal murine organs, and cause sickness. We have detailed several iron-

acquisition systems in S. lugdunensis and are first to show specific transporters are important 

for pathogenesis in the host.  
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1.1 Iron 

1.1.1 Iron chemistry 

Iron is an essential nutrient for nearly all forms of life. It is crucial for vital cellular 

processes including DNA replication, amino acid synthesis, tricarboxylic acid cycle 

(TCA) activity and respiration. The functional versatility of iron is owed to its ability to 

readily interconvert between valence states, imparting single electron transfer chemistry 

to reactions that include almost the entire range of biologically significant redox 

potentials (1). Although able to achieve oxidation states between -2 and +6, iron is 

predominantly found in Fe2+ (ferrous) and Fe3+ (ferric) redox states. Ferric iron 

predominates in aerobic, oxidizing environments and forms insoluble hydroxides, with 

the predominant species at neutral pH being Fe(OH)+
2 (2). This renders the solubility of 

iron in solution to be 10-8 to 10-9 M, well below the threshold to support microbial growth 

(~10-6 M) (3). Further restricting bioavailable iron is important to suppress infectious 

pathogen growth, and to keep it from undergoing reactions forming toxic products. 

Ferrous iron is able to catalyze the formation of free radicals, which are able to oxidize 

and damage cells (4).  

1.1.2 Iron toxicity 

Despite its low solubility in physiological conditions, the ability of residual free iron to 

readily interconvert between 2+ and 3+ redox states makes it a catalyst for production of 

harmful reactive species. Toxic reactive oxygen species (ROS) are produced through the 

Haber-Weiss reaction and Fenton chemistry (5, 6). Fe2+ reacts with hydrogen peroxide to 

form hydroxyl radicals (Equation 1), whereas Fe3+ reacts with hydrogen peroxide 

(Equation 2) or superoxide radical (Equation 3) to regenerate Fe2+, shown in the three 



3 

 

equations below. Altogether, free iron is able to generate toxic species, of which the 

hydroxyl radical is extremely cytotoxic and capable to damage lipids, proteins and 

nucleic acids (7–10). Cellular life requires iron, and consequently must mitigate its 

toxicity. As such, biological systems tightly control iron mobility and storage with 

elaborate sequestration and transport methods.   

  Fe2+ + H2O2 è Fe3+ + OH− + �OH (Equation 1) 

  Fe3+ + H2O2 è Fe2+ + H+ + �OOH (Equation 2)  

 Fe3+ + �O2
−   è Fe2+ + O2   (Equation 3) 

 

1.2 Iron processing in mammals 

1.2.1 Iron absorption 

Human iron metabolism is necessary to maintain homeostasis and important for 

promoting good health. Iron storage and trafficking within the human body has been 

extensively reviewed elsewhere (11–13). Briefly, iron from dietary sources is absorbed 

chiefly in the duodenum, with the absorbed amount dependent on sufficiency of stored 

iron in the body. The low pH of the intestinal lumen and ferric reductases in the apical 

brush border of duodenal enterocytes facilitate reduction of ferric iron to the more soluble 

ferrous form. Ferrous iron is transported into enterocytes through the divalent metal ion 

transporter DMT1 (Nramp2) (14). The internalized iron may be used for cellular 

processes, put into storage, or released into plasma via the basolateral membrane 

transporter ferroportin (15, 16). Macrophages recycle iron from senescent or dead cells, 
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including erythrocytes, and also elaborate ferroportin on their membrane. Nearly all iron 

in plasma is bound to the carrier protein transferrin, further described below.  

A typical adult contains approximately 4-5 g of total iron in their body. Iron 

metabolism is regulated systemically by the peptide hormone hepcidin. A surplus of iron 

in the body stimulates hepcidin release from the liver. Hepcidin binds ferroportin on 

enterocytes and macrophages and triggers internalization and degradation, thereby 

decreasing iron export into circulation (17). Further absorbed dietary iron may be stored 

within intracellular ferritin protein, and excess iron may be shed from the body via 

enterocyte sloughing and feces production.  

1.2.2 Iron storage 

Ferritin is a primary means of iron storage for animals, microorganisms and plants alike. 

The mammalian ferritin is 450 kDa and made up of 24 heavy and light chains that 

together facilitate iron uptake into the hollow core of the large spherical protein (18, 19). 

Each ferritin structure may hold up to 4,500 iron atoms in the form of hydrous ferric 

oxides (19). Ferritin is abundant in liver hepatocytes, which essentially function as an 

iron storage and transport hub for the body (20). Additionally, ferritin release into plasma 

may aid in iron delivery to other tissues, including the brain and erythroid precursors 

(21–23). Furthermore, elevated serum ferritin is a nonspecific indication of infection or 

cancer, and can robustly predict cirrhosis development from hemochromatosis (24–26). 

Elevated serum ferritin is atypical of physiologically normal conditions and generally 

indicates an iron overload that may be associated with various disease states.  
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1.2.3 Iron for cellular processes: intracellular hemoproteins  

The catalytic versatility of iron renders its usage in a number of cellular proteins 

including those that incorporate iron-sulfur clusters as redox cofactors, and in heme 

prosthetic groups within hemoproteins. Iron-sulfur proteins are predominantly involved 

in oxidoreductase, hydrogenase, dehydrogenase and hydratase reactions and are best 

known to offer redox capability for mitochondrial electron transport (27–30). The 

majority of bodily iron is complexed in heme within hemoproteins such as catalase, 

peroxidase, cytochromes, and foremost hemoglobin. Hemoglobin accounts for two-thirds 

of total iron within the body, the majority of which circulates within erythrocytes (31). 

The heme prosthetic group consists of a planar heterocyclic ring (porphyrin) able to 

coordinate a central iron atom with four nitrogen bonds. The central iron is able to form 

two additional coordinate bonds somewhat perpendicular to porphyrin and may interact 

with axial ligands including histidine, cysteine, tyrosine and methionine residues of 

binding proteins. Peroxidases and gas-carrying proteins such as hemoglobin contain 

heme B (protoporphyrin IX-iron), the most abundant type of heme. Other types of heme 

have various different constituents linked to the central porphyrin ring to differentiate 

compound chemistry for different purposes, including aspects of aerobic respiration and 

pathogen defense (32–34).  

Each erythrocyte may contain more than 2.8 x 108 molecules of hemoglobin, and 

constitute the most abundant source of hemoglobin in the body (12). Hemoglobin is a 

globular heterotetramer in which each subunit coordinates a heme group with an 

imidazole nitrogen from a histidine. The sixth coordinate position of iron is left to bind 

O2 and facilitate delivery from lungs to tissue. The average erythrocyte life span under 
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normal conditions is ~120 days, although these cells are more prone to oxidative damage 

due to their large amount of heme iron and great exposure to oxygen (35, 36). 

Erythrocyte lysis and hemoglobin damage lead to free heme and hemoglobin in serum. 

Extracellular hemoglobin tetramer is scavenged by the glycoprotein haptoglobin, which 

binds specifically and irreversibly (37). The haptoglobin-hemoglobin complex binds a 

receptor on the surface of macrophages for internalization and degradation (38). Iron is 

released from the porphyrin ring and recycled into transferrin or hemosiderin, a complex 

of ferritin and denatured ferritin (39, 40). Free heme in serum is primarily absorbed by 

the lipid core of the highly-abundant, fat-transport protein albumin (high or low density 

lipoprotein) (41). It is transferred to the glycoprotein hemopexin, which bears a very 

strong affinity for heme. The hemopexin-heme complex binds receptors on hepatocytes 

or macrophages for internalization and recycling in a similar manner to haptoglobin-

hemoglobin employing lysosomal degradation (42, 43).  

1.2.4 Iron transport: extracellular iron 

Transferrins are glycoproteins of approximately 80 kDa that circulate in biological fluids, 

including serum, to facilitate iron transport between tissues (44). Although comprising 

less than 0.1% of total body iron (<5 mg), this reservoir constitutes an important means to 

limit free iron and control iron homeostasis (45, 46). A healthy adult has a serum 

transferrin concentration of ~25-30 µM (47, 48). Each transferrin glycoprotein has two 

high affinity Fe3+ binding sites, with stability constants of 4.7 x 1020 M-1 and 2.4 x 1019 

M-1 at pH 7.4 (49). Iron-binding is random and noncooperative between the two domains 

and serum transferrin is typically ~30% saturated, while 20-50% saturation indicates a 

healthy state (50, 51). Synthesized by the liver, transferrin binds ferroportin-released 
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ferric iron (from intestinal enterocytes or other sources) and distributes bound iron to 

cells bearing transferrin receptor, which is ubiquitously expressed. Cells that require iron 

upregulate transferrin receptor expression. Holo-transferrin binds cell-surface exposed 

transferrin receptor and initiates receptor-mediated endocytosis for internalization and 

maturation into an endosome. A decrease in endosomal pH (below 5.5) triggers iron 

release from transferrin, which bears little affinity for ferrous iron. The released iron is 

mobilized for cellular processes or storage, whereas the endosome returns to the cell 

surface. The extracellular neutral pH allows apo-transferrin dissociation from transferrin 

receptor, such that apo-transferrin is released back into circulation to complete the 

transferrin cycle (52, 53). Additionally, the membrane protein HFE (human 

hemochromatosis factor) interacts with transferrin and transferrin receptor to detect 

saturation of transferrin and regulate hepcidin production to modulate iron absorption 

(54, 55). Transferrin receptor and ferritin expression is also regulated 

posttranscriptionally by iron-regulatory RNA-binding proteins (IRPs), which bind to 

iron-responsive elements (IREs) in mRNA to alter stability and translation efficiency 

(56). 

Lactoferrin is a glycoprotein closely related to transferrin in sequence and 

structure, although it functions predominantly for scavenging iron rather than for 

transport (57). Found primarily in bodily secretions, lactoferrin releases bound iron at 

approximately pH 3 (compared to pH 5.5 for transferrin), and may act as a potent 

microbicidal agent by limiting available iron under various conditions (58). For this 

purpose, polymorphonuclear leukocytes release lactoferrin during degranulation upon 

phagocytosis (59). Released lactoferrin sequesters iron to prevent bacterial adherence and 
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promote bacteriostasis (60, 61). Lactoferrin-iron may also be used to catalyze free radical 

production via granule-phagosome fusion (62). Although having no significant role for 

iron transport, lactoferrin performs an important function for defense against pathogen 

infection by binding iron in bodily secretions and sites of infection. 

1.2.5 Nutritional immunity: iron withholding  

The human body takes advantage of the essentiality and toxicity of transition metals to 

protect itself against foreign invaders by restricting available nutrients, such as iron, to 

limit infection. Conversely, disease states associated with iron overload such as 

hemochromatosis, thalassemia, and hemoglobinopathies are associated with increased 

available serum iron and susceptibility to infection (63, 64). The inflammatory response 

results in further iron withholding in serum, including suppression of iron absorption 

from the diet and increased macrophage iron retention, creating an anemic environment 

(hyposideremia) (65). Hepcidin is upregulated by interleukin-1α, interleukin-1β, 

interleukin-6, and sustained H2O2 (66, 67). Increased hepcidin production by the liver and 

spleen during inflammation is responsible for triggering ferroportin degradation and 

reduced iron absorption (68).  

Another facet of iron withholding is the rapid expulsion of iron-sequestering 

proteins. Hepatocytes secrete ferritin in response to interleukin-1β, whereas interleukin-6 

stimulates haptoglobin and hemopexin secretion (69–71). Lactoferrin is produced by 

neutrophils at sites of infection to restrict iron availability (72). Neutrophil secretion of 

calprotectin (S100A8/A9) is induced in response to infection in order to restrict 

manganese, zinc and iron availability (73, 74). Calprotectin is a calcium-binding 

S100A8/A9 heterodimer or heterotetramer that exhibits broad spectrum growth inhibition 
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of infectious microbes through sequestration of the aforementioned nutrients (75). Each 

subunit binds two calcium ions, which help to facilitate greater binding affinity for two 

transition metal ions at the heterodimer interface (76, 77). In addition to calprotectin, 

extracellular S100A7 and S100A12 are present in high concentration in inflamed tissue, 

where they act as damage-associated molecular patterns and elicit immunomodulatory 

activity (78, 79). Serum transferrin concentration, on the contrary, is maintained during 

inflammation, however saturation remains low as this iron source is continued to be 

depleted by erythropoiesis (80–82). Iron sequestration as a method of nutritional 

immunity is a forefront function of the innate immune system to help combat infection.   

1.3 Host-iron acquisition strategies of pathogenic 
eukaryotes 

1.3.1 Iron acquisition by pathogenic fungi 

Iron is an essential nutrient for nearly all species that infect humans, and pathogens must 

elaborate means to overcome host iron withholding to successfully colonize and cause 

disease. The essentiality of iron necessitates a diversity of mechanisms to acquire iron 

from a variety of host sources, to better ensure pathogen survival. Pathogenic fungi, like 

many other microorganisms, upregulate iron acquisition machinery upon sensing a low 

iron environment such as the mammalian host. Thus, lack of iron serves as a signal for 

transition from a commensal to a more invasive lifestyle. Aft1p and Aft2p transcription 

factors regulate iron acquisition systems by binding iron-responsive elements in target 

gene promoter regions to activate gene expression, and control the iron regulon in yeast 

(83, 84). Three predominant iron acquisition strategies have been described: iron 
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reduction and transport, ferric-siderophore uptake and heme acquisition (85). The various 

strategies are not exclusive and may occur simultaneously. 

Opportunistic fungal pathogens use coupled iron-reduction and transport for iron 

acquisition from host chelating molecules, including transferrin and lactoferrin. Cell 

surface, non-specific metalloreductases Fre1 and Fre2 reduce iron at the cell surface (86, 

87). Ferrous iron is subsequently oxidized by Fet3 and translocated across the membrane 

by the Ftr1 permease, with oxygen, copper, and heme as cofactors, serving as a high-

affinity iron acquisition pathway (88–90). Reductive iron uptake is required for full 

virulence of fungal species, such as Candida albicans and Cryptococcus neoformans, in 

animals (91, 92).  

High affinity non-reductive iron uptake is mediated by siderophores - low 

molecular weight (typically <1 kDa), high-affinity iron binding compounds that many 

microbes produce and are able to strip iron from host glycoproteins (such as transferrin 

and lactoferrin) (4, 93, 94). Most bacteria and fungi synthesize and secrete siderophores, 

which bind extracellular ferric iron and deliver it to microbes expressing a receptor for 

that specific siderophore. Fungi typically produce siderophores bearing hydroxamate 

moieties to coordinate iron, although many fungal species transport other types of 

siderophores from heterologous species as well (ie. catechol siderophores produced 

predominantly by bacteria) (85). This xenosiderophore ‘sharing’ is a cooperative 

behaviour in microbial communities where individual metabolic cost is outweighed by 

group benefit. Additionally, siderophore-iron may be reduced at the cell surface (as 

explained above) when siderophores are relatively abundant (95). At lower siderophore 

concentrations, siderophore-specific membrane transporters are required for uptake of 
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ferric siderophores from the external environment (95, 96). Fungal siderophore transport 

and specificity of receptors has been comprehensively reviewed elsewhere (88, 97). 

Siderophores are discussed in further detail in subsequent sections. Reliance on reductive 

iron uptake versus siderophore acquisition differs between species and one or both may 

be important to certain species of fungi for pathogenesis. Although Aspergillus fumigatus 

is capable of iron reduction at the cell surface, this activity is insufficient to fully 

compensate for the absence of siderophore biosynthesis and acquisition, which is 

furthermore essential for virulence in animals (98, 99). Moreover, intracellular 

siderophores help maintain iron storage and distribution, as well as promoting 

germination and resistance to oxidative stress (100). 

The heme-dependent growth of several fungal species has been demonstrated 

(101–104). The most characterized of these is C. albicans iron acquisition from heme and 

hemoglobin. C. albicans binds erythrocytes using complement-receptor like molecules, 

and secretes a hemolytic mannoprotein to exhibit red cell lysis (105–107). Surface-

exposed, cell wall-anchored CFEM domain proteins Rbt5 and Rbt51 bind hemoglobin 

and extract heme at the cell surface (108). CFEM domains are unique to fungi, contain 

eight cysteine residues of conserved spacing, and are important for pathogenicity (109, 

110). Rbt5 and cell-wall associated Pga7 (not surface-exposed) exchange heme as a relay 

to the plasma membrane upon which heme is endocytosed in a Rbt5-dependant manner 

(111, 112). A type I myosin and the ESCRT system are required for endocytosis, whereas 

a vacuolar ATPase and a heme oxygenase are further required for heme-iron utilization 

(112, 113). The heme oxygenase Hmx1 is required for virulence in the mammalian host 

(114). Other pathogenic fungal species may use similar means for heme-iron 
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procurement. In C. neoformans, the ESCRT pathway is also important for heme-iron 

acquisition, and extracellular, heme-binding Cig1 is a potential hemophore that 

contributes to virulence (102, 115).  

1.3.2 Iron acquisition by human parasites 

Human parasites exhibit great diversity in terms of lifecycles and associated niches and 

as such elicit diverse strategies of obtaining host nutrients such as iron. Trypanosoma 

brucei, Leishmania spp., Plasmodium spp., and hookworms cause substantial disease 

burden in humans and will be the focus here.  

T. brucei is a flagellated protist that uses an insect vector (tsetse fly) to transmit 

between mammalian hosts and is known to cause sleeping sickness in humans. 

Trypanosomes reside in the mammalian bloodstream, lymphatic system and interstitial 

spaces and may progress to the central nervous system in later stages of infection (116). 

They exploit host transferrin via receptor-mediated endocytosis at the flagellar pocket 

(invagination of the plasma membrane at the flagellum) (117). Structurally distinct from 

human transferrin receptor, the trypanosome counterpart is regulated by iron availability 

and encoded by ESAG6 and ESAG7 to form a heterodimer (118, 119). Upon 

endocytosis, acidification releases iron from the transferrin-receptor complex and is 

transported to the cytosol by a mucolipin-like protein (120, 121). Proteolytic cleavage of 

the transferrin receptor precedes endosomal cycling back to the cell surface (120). T. 

brucei may also bind lactoferrin in a similar manner to macrophages via glyceraldehyde-

3-phosphate dehydrogenase (GAPDH), although this remains to be fully elucidated (122, 

123). Trypanosomes are heme auxotrophs and acquire heme-iron mainly through a 

haptoglobin-hemoglobin receptor (HpHbR) exclusively expressed when in a mammalian 
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host environment (124, 125). The surface anchored glycoprotein localizes to the flagellar 

pocket region and undergoes endocytosis prior to heme-iron extraction (125). The free-

heme transporter Hrg is exclusively expressed during insect vector-stage growth (125, 

126). Trypanosome-induced macrophage hyper-activation leads to increased 

erythrophagocytosis and iron retention, leading to progressive anemia during chronic 

infection (127).  

 Leishmania protozoan parasites cause a spectrum of clinical manifestations 

ranging from cutaneous lesions to visceral infections, termed leishmaniasis (128). Motile, 

extracellular promastigotes multiply in the sand fly gut, whereas upon mammalian 

inoculation, infective parasites reside as non-motile amastigotes in the phagolysosomal 

system of macrophages (129). The Leishmania-carrying phagosome fuses with other 

vacuoles and endosomal compartments which carry nutrients, such as transferrin (as 

transferrin-receptor complex) as a source of iron for the parasite (130–132). Furthermore, 

the phagosomal acidity may release iron from transferrin, or transferrin may be degraded 

by secreted cysteine proteases (or released by lysed parasites) (131, 133). Leishmania 

plasma membrane-associated ferric reductase LFR1 reduces Fe3+ to Fe2+ using NADPH, 

FAD and heme as cofactors (134, 135). Fe2+ is transported to the cytosol by LIT1, 

serving as a non-specific, reductive iron transport mechanism (136). LFR1 and LIT1 are 

iron-regulated and detected on intracellular amastigotes and iron-starved promastigotes 

(135, 137). Leishmania may also be able to endocytose and degrade transferrin in 

cysteine protease-rich compartments, although this may be a non-specific interaction as 

lactoferrin and albumin also bind the receptor (134, 138). Only the last three enzymes of 

the heme biosynthetic pathway are present in Leishmania trypanosomatid parasites, thus 



14 

 

requiring external heme or protoporphyrin IX (PPIX) for growth (139). The Leishmania 

hemoglobin receptor localizes to the flagellar pocket and upon hemoglobin binding is 

endocytosed (140, 141). Endosomal maturation is mediated by Rab 5 and Rab 7, and 

lysosomal hemoglobin is degraded to release heme, which is translocated to the cytosol 

by the ATP-binding cassette protein LABCG5 (142–144). Leishmania heme utilization 

correlates with severity of patient anemia (145). Transmembrane LHR1 transports 

external or lysosomal heme directly into the cytosol and is important for causing 

pathogenesis in mammals (146, 147). Furthermore, LHR1 is proposed to be essential for 

promastigote viability, and orthologs are present in several Trypanosoma genomes as 

well (146, 148, 149).  

 At least five Plasmodium species are able to cause malaria in humans, with P. 

falciparum being the most deadly. Using a mosquito vector of transmission, the parasitic 

protist enters the human bloodstream and travels to the liver to infect hepatocytes. 

Infected hepatocytes eventually lyse to expel non-motile merozoites into the bloodstream 

to infect (and further re-infect) red blood cells (150). The intraerythrocytic stage of 

infection offers a gold mine of heme for the pathogen, however it actually uses 

hemoglobin primarily as a source of amino acids rather than iron, albeit still annihilating 

the host iron pool. Furthermore, iron deficiency is protective against malaria and iron 

supplementation increases risk of malaria (151). Initially, the parasite folds into itself in 

an actin-independent process to invacuate a large ‘gulp’ of host red cell cytoplasm as a 

food vacuole (152). Later on, host hemoglobin is endocytosed with other erythrocyte 

components into cytostomes, and further targeted for acidification and proteolytic 

degradation in an actin-dependent process regulated by Rab 5 (152–154). Together, P. 
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falciparum uses various means of internalizing large amounts of host hemoglobin, which 

are directed to digestive vacuoles for degradation as a source of amino acids (155). 

Hemoglobin is digested sequentially by aspartic proteases, cysteine proteases, 

metalloproteases and aminopeptidases (156, 157). The large amount of toxic free heme is 

polymerized into pigmented crystals termed hemozoin (158, 159). Heme groups dimerize 

via iron-carboxylate bonds, and dimers are bonded via proprionate hydrogen bonding 

(160, 161). Protease and hemozoin-formation inhibitors block parasite development and 

detoxifying capabilities, hinder viability and form potent antimalarial drugs (159, 162–

164). This is exemplified by the potency of quinolone drugs for P. falciparum infection 

as they inhibit hemozoin synthesis and the parasites ability to detoxify heme, as it 

produces reactive oxygen species. Lysed protists release hemozoin to be ingested by 

phagocytes and accumulate in the reticuloendothelial system, which leads to a darkening 

of the liver and spleen after chronic or repeated infection (165, 166).  

 Human hookworm infection results in intestinal blood loss due to hematophagous 

feeding and causes substantial iron deficiency anemia in the developing world (167). 

Intensity of hookworm infection directly correlates to intestinal blood loss and host 

anemia. Hosts with lower iron stores, such as children and pregnant women, are more 

vulnerable to hookworm-induced anemia (168). Necator and Ancylostoma species cause 

the majority of hookworm disease in humans (169). The nematode helminths infect the 

mammalian host at the larval stage by oral ingestion or skin penetration (170). Larvae in 

circulation travel to the heart and lungs, penetrate the alveolar membrane and enter the 

trachea for migration to the gastrointestinal tract (171). The larvae mature in the 

gastrointestinal tract and attach to the duodenal mucosa, where they can reside for years 
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(172). Host capillaries are lacerated and secreted anticoagulant peptides help facilitate 

ingestion of blood (173). Ingested red cells are lysed in the hookworm gut by a pore-

forming, membrane-bound hemolysin (174). Hemoglobin digestion is similar to that of P. 

falciparum, using aspartic, cystic and metalloproteases, albeit expressed in and released 

from the intestinal brush border of the helminth (175, 176). Glutathione-S-transferases 

are thought to play a role in heme detoxification as several of these bind heme with high 

affinity (177–180). Additionally, vaccination using recombinant hookworm glutathione-

S-transferases elicited better protection against infection in hamsters and dogs (177, 181). 

1.4 Host-iron acquisition strategies of pathogenic 
prokaryotes 

1.4.1 Active transport across membranes 

The host confines iron within proteins to mitigate the generation of damaging reactive 

species, and to help prevent infectious disease (nutritional immunity). As such the 

concentration of free iron in body fluids can be restricted up to 10-24 M, far below that 

required to support microbial growth (10-6 M) (3, 182). Invasive pathogens respond to 

this nutritional immunity by elaborating specialized, high-affinity iron transport 

mechanisms able to circumvent host immune effectors.  

Bacterial iron acquisition strategies generally rely on free (un-liganded) ferrous 

iron, heme, and siderophore transport (Figure 1-1). All of these mechanisms rely on 

active transport across bacterial membranes, involving ATP-binding cassette (ABC) 

transporters. In Gram-negative bacteria, the presence of an outer membrane necessitates 

specific receptors for substrate recognition for larger compounds (>600 Da) including  



17 

 

Figure 1-1: Nutritional immunity and strategies of pathogens to overcome host iron 

limitation. Representative depiction of various strategies bacterial pathogens employ to 

attain host-iron. At the mucosa, lactoferrin (Lf) binds iron yet some bacteria are able to 

obtain this iron through secretion of siderophores (i – iii), binding Lf (iv), or secreting 

reductases (v – viii) to reduce iron to Fe(II). Bacteria may lyse cells through secreted 

hemolysins and obtain released heme/hemoglobin (Hm/Hb), as well as host-scavenged 

hemopexin-heme (Hx-Hm) and haptoglobin-hemoglobin (Hp-Hb) iron (1 – 12). 

Macrophages remove iron from phagosomes via natural resistance macrophage protein 1 

(NRAMP1) and ferroportin. Membrane-bound ferroportin is degraded when bound by the 

iron homeostasis hormone hepcidin. Ceruloplasmin (Cp) oxidizes secreted Fe(II), and 

Fe(III) is bound by transferrin (Tf) in circulation (a, b). Transferrin-iron may be procured 

via direct transferrin-binding (c), by secreted siderophores (Sid) (d – f), or host-produced 

compounds such as 2,5-DHBA (g). Siderocalin (NGAL) produced by neutrophils 

sequesters several siderophores (I – III), although some ‘stealth’ siderophores (Sid 

stealth) are unrecognized by NGAL (IV – VI). Lf, lactoferrin; Hm, heme; Hb, 

hemoglobin; Hx-Hm, hemopexin-heme; Hp-Hb, haptoglobin-hemoglobin; Cp, 

ceruloplasmin; Tf, transferrin; Sid, siderophore; NGAL, siderocalin; Sid (stealth), stealth 

siderophore. Figure procured from (183). 
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transferrin, lactoferrin, hemoglobin, and siderophores (184). The outer membrane 

receptors are β-barrel pores made of antiparallel β-sheets, with an N-terminal globular 

‘plug’ that seals the pore until substrate-binding and energy transfer cause conformational 

changes to allow iron, heme or siderophore passage (185). The energy for this process is 

derived from the proton motive force across the inner membrane, channeled through the 

TonB, ExbB and ExbD complex (186, 187). The substrate is bound by a freely soluble, 

bilobal, periplasmic binding protein (PBP) with specificity for that ligand (188). The 

substrate-PBP complex is recognized by an inner membrane permease which translocates 

the substrate across the lipid bilayer using energy generated by an associated ATPase 

(185). The inner membrane permease is typically a homo or heterodimer spanning the 

membrane whereas the associated ATPase is a cytoplasmic homodimer (189, 190). 

Gram-negative bacterial active transport has been characterized and reviewed in detail 

elsewhere (184–190).  

Gram-positive bacteria employ a similar means of active transport utilizing an 

integral membrane ABC transporter, although the PBP-functionally equivalent, high 

affinity receptor is linked to the cytoplasmic membrane by a lipidation motif. The Gram-

positive cell wall is composed of a meshwork of peptidoglycan, polysaccharides, teichoic 

acid, and associated proteins of varying glycosylation. Although siderophores are able to 

pass through this meshwork, heme must be extracted from host proteins prior to cell wall 

transversion (191).  

1.4.2 Free ferrous iron transport 

Ferric iron predominates under oxidizing conditions and may become bioavailable via 

siderophores or reduction to ferrous iron. Ferrous iron predominates in anoxic, low pH 
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environments and can become an important iron source for bacterial pathogens in certain 

situations. The ferrous iron transport (Feo) system is present in many bacteria, although 

most extensively characterized in Enterobacteriaceae (192, 193). FeoB is a cytoplasmic 

membrane-spanning permease with a cytosolic GTPase domain driving active transport 

(194). Cytosolic FeoA interacts with the G-protein domain of FeoB and is required for 

FeoB-iron transport (195). FeoC is only present in γ-proteobacteria Feo systems and 

although initially thought to act as a transcription factor, more recent evidence indicates 

FeoC interaction with the FeoB N-terminal region for protection from FtsH-mediated 

proteolysis (196, 197). The putative FeoC-associated iron-sulfur (Fe-S) cluster may 

function as a redox/iron sensor as Fe-S cluster reduction renders it less susceptible to 

Lon-mediated proteolysis. In oxidizing environments, the FeoC Fe-S cluster is thought to 

become oxidized and degraded, facilitating FeoB-FeoC release and FeoB proteolysis as a 

means of post-translational regulation (198). Feo homologs exist in the genomes of many 

Gram-positive and Gram-negative bacteria.  

 ABC-type divalent metal transport has been described for many Gram-positive 

and Gram-negative species. SitABC (homologous transporters also termed MntABC or 

MtsABC) homologs across species vary in transport of ferrous iron, manganese or both. 

Staphylococcus epidermidis Sit is regulated by both iron and manganese availability 

through SirR, which represses transcription in presence of Mn2+ or Fe2+ (199–201). S. 

epidermidis Sit is highly upregulated in iron limited conditions such as those in vivo 

(202–204). The S. aureus homolog (MntABC) is a dedicated manganese transporter, 

repressed by MntR in the presence of Mn2+ (205). The streptococcal homolog (MtsABC) 

is regulated by Mn2+ and Fe2+ and can bind several divalent metals, with a preference for 
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ferrous iron over copper, manganese and zinc (206–208). Salmonella enterica SitABCD 

has high affinity for manganese over iron, although is regulated by both manganese and 

iron (209, 210). Sit systems in Shigella species and pathogenic E. coli are orthologous to 

YfeABCD in Yersinia and share overlapping functions with Feo and the manganese 

transporter MntH, although there are some variations in regulation between the metal 

acquisition systems which may play a role in response to oxidative stress (211–215).  

 Although best characterized in eukaryotes, some bacteria may also possess ferric 

reductase activity as a mechanism of making iron bioavailable for acquisition. 

Extracellular and membrane-associated ferric reductase activity has been described for a 

variety of bacteria, and biochemical characterization of molecular determinants for this 

iron uptake strategy has been progressing (216–220). E. coli EfeUOB (YcdNOB) is 

upregulated in low iron and low pH conditions, and is involved in ferrous iron acquisition 

(221, 222).  EfeU is homologous to the Ftr1 permease in yeast (221). EfeO is periplasmic 

with two potential metal binding sites and an N-terminal cupredoxin domain, which 

implies it functionally analogous to the Fet3 oxidase (223). EfeB is a periplasmic 

homodimer secreted by the twin-arginine translocation (Tat) system as a folded protein 

(224, 225). Bacillus subtilis also encodes efeUOB whereas orthologous genes are termed 

fepCAB in Listeria monocytogenes and S. aureus (226–228). Although EfeB and FepB 

have been implicated in heme deferrochelatase activity, removing iron from heme while 

keeping the tetrapyrrol ring intact, there is some contention to this proposed activity as 

PPIX is toxic and lacks a degradative pathway (224, 229, 230). Overexpression of YfeX 

(cytoplasmic EfeB homolog) results in intracellular porphyrin accumulation, likely from 

oxidation of endogenously synthesized porphyrinogen, and it may be that homologous 
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EfeB/FepB oxidize porphyrinogens to porphyrins as well (230). L. monocytogenese FepB 

exhibits ferric reductase activity, whereas B. subtilis EfeB oxidizes ferrous iron for 

uptake of ferric iron by EfeUO, indicating there may be functional variation with varied 

environmental conditions (226, 227). Natural substrates for EfeB/FepB-mediated 

oxidation or reduction have not been established and could entail iron-binding 

compounds in the host such as transferrin and siderophores (191). Additionally, the 

secretion of a fully folded EfeB/FepB with endogenous heme may be an oxidative stress 

response to counter damage from reactive oxygen/nitrogen species, such as would be 

encountered during an immune response (respiratory burst) (225).  

1.4.3 Direct iron acquisition from host proteins 

Several pathogenic bacteria express surface receptors to bind host iron-withholding 

glycoproteins and extract iron from them. Neisseria spp. preferentially acquire iron from 

host transferrin through the TbpAB outer membrane receptor, which is essential for 

virulence in human infection (Figure 1-2) (231, 232). Lipoprotein TbpB binds transferrin 

and facilitates interaction with transmembrane TbpA to extract iron by conformationally 

manipulating transferrin in a TonB-dependent manner (233, 234). LbpAB also utilize 

TonB/ExbB/ExbD and function in a similar manner to transport lactoferrin-iron (235–

237). Periplasmic ferric iron is bound by FbpA and further shuttled through FbpBC into 

the cytoplasm (185, 238, 239). Homologous receptors that bind and extract iron directly 

from transferrin and lactoferrin also exist in Pasteurellaceae and Moraxellaceae (235, 

240–242).  
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Figure 1-2: Schematic of iron-acquisition mechanisms in Gram-negative and Gram-

positive bacteria. Depictions of cell envelope proteins mediating uptake of siderophores 

(Sid, unspecified transporter), heme (Hm, HasAR), transferrin (Tf, TbpAB) and ferrous 

iron (FeII, FeoB) In Gram-negative bacteria. Siderophore (unspecified transporter) and 

heme acquisition from hemoglobin (Hb) and hemoglobin-haptoglobin (Hb-Hp) via Isd 

proteins is depicted for Gram-positive bacteria. Further detail on transporters is within the 

main text. OM, outer membrane; PG, peptidoglycan; CM, cytoplasmic membrane; Sid, 

siderophore; Hm, heme; HO, heme oxygenase; Tf, transferrin; Hb, hemoglobin; Hb-Hp, 

hemoglobin-haptoglobin. Figure procured from (183). 
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1.4.4 Indirect iron acquisition from host proteins: siderophores 

Siderophores are low molecular weight (~500 – 1500 Da), high affinity Fe3+ chelators 

produced by a large number of bacteria, fungi and plants to facilitate iron delivery in 

response to iron limitation (93). There is stunning diversity between siderophore 

structures and they may be classified as to their iron-coordinating moieties (hydroxamate, 

catecholate and hydroxycarboxylate), although certain siderophores may encompass 

more than one type of moiety to coordinate iron as a ‘mixed type’ siderophore. The small 

ferric chelators scavenge ferric iron and compete for it with other iron chelates. 

Siderophore-iron association constants can exceed 10-52 M, and as such they are able to 

remove iron from host glycoproteins including transferrin and lactoferrin (association 

constants of ~10-20 M) (49, 243, 244). The ferric-siderophore complex is recognized at 

the surface of cells expressing a cognate receptor for that specific substrate, engendering 

the organism with an iron-sourcing advantage (Figure 1-2).   

1.4.5 Siderophore biosynthesis 

Siderophore production occurs within the cell and may be through nonribosomal peptide 

synthetase(NRPS)-dependent or NRPS-independent synthesis. NRPS synthesis involves 

successive incorporation of non-proteinogenic amino acids and derivatives into an 

elongated chain, without the use of an RNA template (245). In addition to assembly of 

several common Gram-negative enteric siderophores including enterobactin, vibriobactin 

and yersiniabactin, NRPS mechanisms are also used to produce antimicrobial peptides 

such as penicillin and vancomycin (96, 246, 247). Independent of ribosomal peptide 

assembly, a multimodular NRP synthetase activates or modifies covalently linked 

reaction intermediates to control the iterative production of the compound via its catalytic 
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domains (248). Enterobactin synthesis is arguably the most extensively-characterized 

NRPS-dependent siderophore biosynthetic pathway. entA-F genes in E. coli encode 

subunits of the multienzyme complex that converts chorismate (intermediate in aromatic 

amino acid biosynthesis) to the catechol 2,3-dihydroxybenzoic acid (2,3-DHB). Three 

molecules of 2,3-DHB are linked to 3 molecules of L-serine via three amide and three 

ester bonds to produce the catecholamine siderophore enterobactin (249–252). The 

catecholamine siderophore petrobactin is a rare example of a product assembled by both 

NRPS-dependent and independent synthetases (253).  

NRPS-independent synthesis, on the other hand, is performed by individual 

cytoplasmic synthetases that catalyze amide or ester bond formation between 

dicarboxylic acids (commonly citrate, succinate or α-ketoglutarate), diamines, alcohols or 

amino alcohols. The alternating siderophore subunits are linked by condensation 

reactions by the synthetases, which are not homologous to NRPS pathway counterparts 

(254). Aerobactin is produced by several pathogenic Gram-negative bacteria (including 

E. coli), contains hydroxamate and hydroxycarboxylate iron-coordinating moieties, and is 

the archetypal pathway for NRPS-independent siderophore biosynthesis. A four-gene 

cluster encodes IucA-D, which modify and condense two molecules of L-lysine with a 

citric acid linker in a presumably ATP-dependent process (255). A model has been 

proposed, based on phylogenetic analyses, to classify NRPS-independent synthetases 

based on substrate specificity (256). Type A enzymes such as IucA are specific for citrate 

and condense a prochiral carboxyl group of citrate with an alcohol or amine functional 

group of another substrate. Type B enzymes have specificity for α-ketoglutarate and 

substitute the C5 carboxyl group for a citrate carboxyl group. Type C enzymes, including 
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IucC, are specific for citrate or succinate derivatives and condense the 

monoamide/monoester with an amine or alcohol. The multitude and diversity of 

siderophore structures infers that these ‘guidelines,’ formed on the basis on sequence 

analysis, are simply a few of the more characterized biosynthesis mechanisms, and many 

exceptions exist. Microorganisms may have great variations in the ways they produce a 

certain NRPS-independent synthesized siderophore. Modifications to precursor 

molecules, such as oxidation, isomerization, or decarboxylation are catalyzed by enzymes 

encoded by genes adjacent to, or within siderophore biosynthetic loci. Many other 

siderophores have been suggested to be produced by NRPS-independent methods 

including vibrioferrin, rhizobactin, alcaligin, and desferrioxamine (257–260).  

1.4.6 Siderophore structure 

Although there is great diversity between siderophore structures, there are common 

features that make them very good iron acquisition mechanisms. They are small, 

electronegative compounds that coordinate Fe3+ with six donor coordination sites, at best. 

If less than six iron-coordinating donor atoms are present, surrogate electronegative 

bonds with solution molecules may facilitate further coordination. Higher order 

siderophore to iron stoichiometry than the typical 1:1 is possible when fewer coordination 

moieties exist within the siderophore. Examples include 2(iron):3 rhodoturolic acid, 1:3 

cepabactin, and 1:1 or 2 pyochelin complexes (261–263). Mixed complexes of cepabactin 

and pyochelin with iron in 1:1:1 ratios have also been observed (262). Iron-coordination 

by siderophore and siderophore-like (pseudosiderophore) complexes is quite variable and 

dependent on the structure, concentration and protonation of compounds in the 

microenvironment.  
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Figure 1-3: Molecular structure of representative siderophores. Structures of several 

siderophores including non-ribosomal peptide synthetase (NRPS)-dependent 

enterobactin, vibriobactin, yersiniabactin and pyochelin, as well as NRPS-independent 

aerobactin, desferrioxamine, vibrioferrin, staphyloferrin A, and staphyloferrin B, among 

others. Figure taken from (96). 
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In general, three major iron-binding moieties act as coordination motifs, which 

are catecholates/phenolates, hydroxamates, and (α-hydroxy-)carboxylates (Figure 1-3). 

Predominantly bidentate coordination motifs employ hydroxyl groups separated by three 

covalent bonds. Enterobactin employs three catecholate (ortho-dihydroxybenzene) groups 

(2,3-DHB precursors) to coordinate iron with six bonds for an extremely stable structure 

(Figure 1-3). In fact, most catecholate siderophores use 2,3-DHB as a precursor for 

synthesis, and this compound is alone capable of coordinating iron in a 3:1 ratio. Some 

bacteria even secrete 2,3-DHB as a means to attain environmental iron (264, 265). 

Mammals encode an EntA (enterobactin synthesis enzyme) homolog responsible for 

synthesis of 2,5-DHB (266). The structural similarity between 2,3-DHB and 2,5-DHB 

affords microbial pathogens the ability to coopt 2,5-DHB as well as 2,3-DHB to attain 

iron through the same transporter (Figure 1-4). Therefore the mammalian host suppresses 

2,5-DHB production upon TLR stimulation with LPS (except TLRs 5 and 7) (267). 

Mammalian catecholamine stress hormones are too structurally similar to 2,3-DHB and 

may also promote pathogen growth (Figure 1-4). Stress hormones such as epinephrine, 

norepinephrine and dopamine interact with transferrin and lactoferrin to reduce Fe3+ to 

Fe2+, thereby liberating it (268). The hormones complex with the released iron in a 3:1 

ratio for hexacoordinate symmetry and act as pseudosiderophores to facilitate iron 

acquisition by a number of pathogens (269–271).  

Hydroxamate iron-coordination motifs use a carbonyl and adjacent 

aminohydroxyl group as a bidentate iron chelate. These types of siderophores are 

frequently produced by fungal species, including coprogen and ferrichrome, among 

others (272). Carboxylate motifs employ dual α-hydroxycarboxylates derived from citrate  
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Figure 1-4: Molecular structure of iron-coordinating catecholate compounds. The 

bacterial siderophore precursor 2,3-dihydroxybenzoic acid (DHBA), and the other, 

mammalian-produced molecules coordinate iron with bidentate symmetry in a 3:1 

catecholate compound to ferric iron ratio. 
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or carboxylic acid moieties to coordinate iron in a similar manner, such as in 

staphyloferrin A and achromobactin (273, 274). Many siderophores contain a 

combination of the three predominant coordination motifs, including petrobactin and 

aerobactin (253, 275). Multiple bi- or tridentate entities form very stable iron-

coordination complexes which may appropriate iron directly from host proteins such as 

transferrin, and constitute an important source of iron for invading pathogens (93, 276).  

1.4.7 Siderophore transport 

Systems for bacterial extracellular removal of iron from siderophores are not well known 

(as they are in eukaryotes), and prokaryotes primarily transport ferric siderophores to the 

cytoplasm prior to iron release. Gram-negative bacteria must import ferric siderophores 

across both membranes through outer membrane receptors, Ton-channeled energy, and 

PBP-permease-mediated translocation, as detailed previously. Gram-positive bacteria 

employ a lipoprotein-ABC transporter for ferric siderophore acquisition (Figure 1-2). 

Genetic loci for siderophore transporters are often proximal to the cognate siderophore 

biosynthetic locus in the genome. Siderophore-binding proteins may exhibit some degree 

of indiscrimination towards substrates. E. coli outer membrane FepA transports ferric-

enterobactin, 2,3-DHB and 2,5-DHB, however cannot transport corynebactin, which is 

structurally similar to enterobactin but has opposite chirality, indicating a ferric-

coordination chemistry is required for transport (267, 277). PBPs exhibit more plasticity 

than outer membrane receptors, including FhuD which binds several hydroxamate 

siderophores including ferrichrome, aerobactin, coprogen and ferrioxamine, which each 

have specific outer membrane receptors (278, 279). Fhu homologs exist in Gram-positive 

species as well, with the S. aureus Fhu transporter best characterized among them (280–
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282). S. aureus actually elaborates dual FhuD1 and FhuD2 lipoproteins, which both 

interact with the FhuCBG transporter, although have variable substrate affinity and 

plasticity (283, 284).  

1.4.8 Siderophore-iron removal 

Once the siderophore enters the cytoplasm, both Gram-negative and Gram-positive 

bacteria employ similar means to extract the coordinated iron. Iron may be reduced and 

discharged via cellular ferric siderophore reductases, although most of these are 

nonspecific. Specialized enzymes are however produced to modify or degrade ferric 

siderophores such to release iron through a loss of complex stability, allowing other 

cellular iron-binding compounds access. Both reductive and degradative siderophore-iron 

removal processes occur in E. coli. Enterobactin, which binds iron more tightly than 

several hydroxamates, must be degraded by FesA prior to iron reduction and subsequent 

release, whereas hydroxamate siderophores are simply kept intact and recycled externally 

once iron is reduced by FhuF (285–287). An iron-sulfur cluster in FhuF mediates 

reduction, lending this protein to be a prime example of an iron-regulated reductase with 

specificity for a class of siderophores. Alternatively, YqjH contains a flavin adenine 

dinucleotide (FAD) binding domain, interacts with siderophores and is also involved in 

ferric iron reduction, with a much broader range of substrates (288). Somewhat similar 

systems exist in Gram-positive pathogens. Oxidoreductase IruO binds FAD and NADPH 

and helps to facilitate iron release from heme and desferrioaxamine (hydroxamate) in S. 

aureus (289, 290). Nitroreductase NtrA also aids in iron release from heme in addition to 

ferric-staphyloferrin A (290). 



35 

 

1.4.9 Host siderophore defense and stealth siderophores 

The mammalian host responds to the production and usage of siderophores by infectious 

pathogens through siderophore sequestration, and limiting pathogen access to 

siderophore-iron (Figure 1-1). Another important tool in the arsenal of innate immunity is 

neutrophil secreted siderocalin (also referred to as lipocalin 2, 24p3, uterocalin and 

neutrophil gelatinase-associated lipocalin; NGAL), released by degranulation in response 

to TLR 2, TLR 4 or TLR 5 stimulation (291, 292). Siderocalin is part of the lipocalin 

superfamily which share an eight-stranded β-barrel conformation forming a central cavity 

for ligand-binding (293). Compared to other lipocalins, the siderocalin ligand-binding site 

is relatively broad, shallow, and lined with polar and positive residues to facilitate 

binding to a variety of catecholate and phenolate siderophores (294, 295). It is able to 

bind ferric enterobactin with similar affinity as the E. coli outer membrane transporter 

FepA (KD ~10-10 M) and therefore aptly competes for this iron source (293, 296). 

Siderocalin can also sequester siderophore-like molecules including DHB and 

catecholamine stress hormones (293, 297). It has been shown to be crucial for murine 

protection against enterobactin-producing E.coli-induced mortality (298).  

 Pathogenic bacteria have evolved to counter the host response to siderophores by 

enzymatic modification of these siderophores, rendering them unable to be recognized by 

siderocalin, or being able to produce multiple siderophores of different class. 

Siderophores able to bypass siderocalin entirely are termed stealth siderophores (Figure 

1-1). The iroA gene cluster in E. coli is iron-regulated and encodes siderophore-

modification machinery, specifically IroB, which decorates the DHB moieties in 

enterobactin with glucose residues (298, 299). The resultant glycosylated enterobactin 
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siderophore, salmochelin, is unable to be bound by siderocalin. The structure of 

salmochelin had previously been elucidated from cultures of Salmonella enterica (300). 

The production of another siderophore of a different class is another common strategy 

among pathogens looking to bypass siderocalin-mediated immunity. In addition to 

enterobactin, pathogenic E. coli strains also express the hydroxamate stealth siderophore 

aerobactin (301). Various siderophores are expressed under different conditions, which 

may be due to dissimilar stability of ferric-siderophore complexes in various conditions, 

or availability of precursor molecules for their synthesis (302). Based on protonation of 

iron-coordinating groups, ferric hydroxamates exhibit greater stability at more acidic pH 

than ferric catecholates, which favor a more neutral to alkaline pH for ferric complex 

stability. Carboxylates are the most efficient siderophores under low pH conditions in 

which hydroxamates and catecholates would be more protonated (96). Pathogenic E. coli 

that can produce up to four different siderophores have been isolated, and these are likely 

to present advantages to bacterial fitness in various environments (303).  

Bacillus produce the catecholate bacillibactin and catecholate-carboxylate 

petrobactin as a similar means of avoiding siderocalin-mediated iron removal (304). 

Bacillibactin coordinates iron via three 2,3-DHB moieties, and much like enterobactin is 

also sequestered by siderocalin (293, 305). Petrobactin evades siderocalin by using 

unusual iron coordination chemistry via two 3,4-DHB moieties and a citrate carboxylate 

group (306, 307). While commensal and environmental isolates typically express 

bacillibactin, pathogenic Bacillus isolates express petrobactin (308). Furthermore, 

petrobactin expression contributes to B. anthracis growth in iron-limited media, survival 

and proliferation within macrophages, and subcutaneous murine infection (309). 
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Bacillibactin had little effect in these situations, however was found to play a role in iron 

acquisition from insect host ferritin, further highlighting that siderophore structural 

diversity contributes to fitness in diverse environments (310). Although catecholates bind 

iron with greater affinity than siderophores of other respective classes, the host has 

evolved to block this microbial iron acquisition mechanism using siderocalin, 

necessitating for pathogenic microbes to respond with counter measures to siderocalin. 

1.4.10 Heme acquisition 

Heme represents the most abundant iron source within the mammalian host, with two-

thirds of total bodily iron content in hemoglobin within circulating erythrocytes. Many 

pathogens have developed means to liberate hemoglobin from erythrocytes, 

predominantly through secretion of hemolysins. Hemolysins may be cytotoxic to not only 

erythrocytes but also cells of the immune system (ie. monocytes, lymphocytes, 

macrophages), and exert cytotoxicity through pore formation or membrane damage (311, 

312). They are often secreted in response to iron depletion or a blood environment, and 

instrumental for pathogenesis (313, 314). Pathogens are able to appropriate heme-iron 

from a combination of extracellular heme, heme-hemopexin, hemoglobin and 

hemoglobin-haptoglobin using secreted hemophores, cell surface receptors, membrane 

transporters and cytoplasmic heme-degradation proteins. The intricate architecture and 

associations of heme-acquisition machinery underscores the significance of this 

substantial iron pool.  

1.4.11 Heme uptake by Gram-negative bacteria 

Neisseria meningitidis does not secrete hemophores, although has two outer membrane 

receptors for hemoproteins and is a simple starting model to describe heme acquisition by 
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Gram-negative pathogens. HmbR binds heme and hemoglobin at the cell surface and 

bipartite HpuAB binds hemoglobin and hemoglobin-haptoglobin (315, 316). HpuA 

serves as the coordinating lipoprotein and HpuB the β-barrel outer membrane protein, 

which translocate heme in a TonB-dependent manner (316). A PBP or inner membrane 

heme transporter are currently undefined, although cytoplasmic oxygenase HemO 

degrades heme to biliverdin to release iron (317). Pseudomonas aeruginosa is capable of 

both hemophore-mediated and independent heme acquisition (Figure 1-5). β-barrel, outer 

membrane PhuR binds heme and heme carrier proteins (hemoglobin, hemoglobin-

haptoglobin, hemopexin) at the cell surface and transports heme across the membrane in 

a TonB-depedent manner (318). Periplasmic PhuT binds heme and directs it to the inner 

membrane PhuUV ABC transporter (319). Additionally, HasA is a secreted hemophore 

that binds hemoglobin and hemopexin and transfers heme passively to another TonB-

dependent transporter, HasR (Figure 1-2) (320, 321). Inner membrane HasS interacts 

with HasR to release the transcription factor HasI, which activates transcription of phu 

and has genes (318). It has been proposed that Phu represents the principal heme 

acquisition method, whereas HasAR, also required for optimal heme uptake, acts more-so 

as an extracellular heme-sensor. Nonetheless, through either transporter heme may enter 

the cytoplasm via PhuTUV, where it is bound by PhuS and relayed to HemO for 

degradation (Figure 1-5) (322). It is worthy to mention Haemophilus influenzae, which is 

unable to itself synthesize heme and relies on exogenous heme scavenging for its entire 

supply. Like P. aeruginosa, H. influenzae is able to appropriate heme from a cohort of 

host hemoproteins. HxuAB are part of a two-partner secretion system in which outer 

membrane HxuB transports the HxuA hemophore to scavenge free heme and hemopexin-  
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Figure 1-5: Schematic of heme acquisition by bacterial pathogens. a) Pseudomonas 

aeruginosa hemophore-dependent and independent heme acquisition. Heme is imported 

through PhuR in a TonB-dependent manner and shuttled through PhuTUV into the 

cytoplasm. b) Staphylococcus aureus Isd-mediated heme acquisition from hemoglobin 

and hemoglobin-haptoglobin (Hb-Hp). c) The Bacillus anthracis heme acquisition 

machinery, including hemophores, Isd and other heme-binding proteins. Each system is 

discussed in the main text. Figure is adapted from (319).  

 

 

 

 



40 

 

 

 

 

 

 

 

 

 



41 

 

heme (323, 324). HxuC transports heme from HxuA into the periplasm in a TonB-

dependent manner (325). Lipoprotein HbpA acquires heme from hemopexin, hemoglobin 

and hemoglobin-haptoglobin (326). Additionally, HgpA, HgpC, and most importantly 

HgpB external receptors acquire heme from haptoglobin-complexed hemoglobin and 

myoglobin (327, 328). Many other proteins have been implicated for heme procurement 

in H. influenzae, although their function remains to be fully elucidated (329–333).  

1.4.12 Heme uptake by Gram-positive bacteria 

Heme acquisition by Gram-positive bacteria is arguably just as complex as that of Gram-

negatives. The S. aureus iron-regulated surface determinant (Isd) pathway of heme 

acquisition from hemoglobin and hemoglobin-haptoglobin is the best characterized heme 

uptake system in Gram-positive pathogens (Figures 1-2 and 1-5). For optimal 

functionality, hemoprotein-binding Isd proteins must pass the thick peptidoglycan wall in 

order to bind larger ligands. This is accomplished through Sortase A (SrtA), which 

recognizes C-terminal LPXTG motifs and covalently attaches IsdA, IsdB and IsdH to 

peptidoglycan (334). Sortase B (SrtB) is transcribed with other Isd proteins and tethers 

IsdC to peptidoglycan through recognition of a NPQTN motif (335). Each sortase cleaves 

peptides at either respective C-terminal recognition sequence between TG and TN 

residues, and attaches the threonine C-terminal carboxyl to the peptidoglycan 

pentaglycine cross-bridge (334, 336, 337). At the cell surface, IsdH binds haptoglobin, 

IsdB binds hemoglobin, and IsdA binds free heme (338–340). The former two extract 

heme from hemoglobin by eliciting steric strain to destabilize hemoglobin and facilitate 

heme release (341, 342). Heme is passed down the Isd cascade via IsdA and IsdC cell 

wall anchored proteins, with IsdC being the conduit between the external environment 
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and the integral membrane heme transporter (343–345). Lipoprotein IsdE, in consort with 

integral membrane IsdDF, transfers heme from IsdC across the membrane (346, 347). 

Once internalized, cytosolic heme is incorportated into bacterial proteins or degraded. 

Heme oxygenases IsdG and IsdI degrade heme to staphylobilin and free iron (348–350). 

Although both oxygenases are upregulated in low iron conditions, IsdG undergoes 

proteolytic processing for degradation in low heme conditions, signifying a differential 

response to iron source availability (351, 352). The heme uptake system of B. anthracis 

shares many similarities to the S. aureus Isd pathway, however also uses two secreted 

hemophores (Figure 1-5). The two hemophores are the first to be described among Gram-

positive organisms and may be absent from others that lack the complex surface 

architecture of Bacillus, including the antiphagocytic capsule and proteinaceous Surface 

(S)-layers (353, 354). IsdX1 (formerly IsdJ) and IsdX2 (formerly IsdK) are secreted to 

the external cellular milieu and extract heme from host hemoglobin and transfer it to 

bacterial cell wall-bound IsdC (355, 356). Alternatively, sortase A-anchored, cell wall-

localized HaI can also extract heme from hemoglobin, and BslK (S-layer domain 

homology), which is non-covalently attached to the cell wall, transfers heme to IsdC 

(357–359). Much like in S. aureus, B. anthracis IsdC funnels heme through the cell wall 

towards IsdDEF, which translocates heme into the cell prior to IsdG-mediated heme 

degradation (360, 361). Although B. anthracis lacks IsdH, IsdB and IsdA, it makes up for 

these with its own set of heme-extraction factors (Figure 1-5). The IsdX2 hemophore has 

been proposed to also function as a heme-storage protein as it can bind multiple heme 

residues at once, essentially acting to slow bacterial heme acquisition, which may be 

important to mitigate toxicity.  
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Heme-binding proteins in the aforementioned Isd pathways have one or more 

conserved near iron transporter (NEAT) domains responsible for binding and 

coordinating the heme molecule (362). NEAT domains are composed of variable ~120 

amino acids in domains with a highly conserved eight-stranded, antiparallel β-sandwich 

fold (363, 364). Heme is bound within a hydrophobic pocket and coordinated by tyrosine 

residues in an YXXXY motif (364, 365). IsdB and IsdH contain two and three NEAT 

domains, respectively, whereas IsdA and IsdC contain one (364, 366–368). NEAT 

domains may vary in functionality due to differences in primary sequence or overall 

domain structure such to facilitate hemoprotein-binding, heme extraction or intra- or 

inter-protein heme transfer. IsdB-NEAT1 (N1; N-terminal) binds hemoglobin or 

hemoglobin-haptoglobin whereas N2 binds heme (342). IsdH-N1 and N2 bind 

hemoglobin-haptoglobin and N3 binds heme (369). Hemoglobin-binding is mediated 

through a FYHYA motif by IsdB-N1 and IsdH-N2, or a YYHFF configuration for IsdH-

N1 (367, 369, 370). On the other hand, B. anthracis IsdX1, HaI and BslK each have one 

NEAT domain and IsdX2 has five (191, 319). Interestingly, IsdX2-N2 is unable to bind 

heme due to a histidine replacing the second tyrosine in the heme-binding motif, yet this 

domain interacts with hemoglobin to facilitate heme capture by other NEAT domains 

(371, 372). The structural basis of heme extraction and transport between B. anthracis 

heme acquisition proteins is not fully detailed as of yet. NEAT-domain containing 

proteins have been characterized in a number of Gram-positive pathogens including 

Streptococcus pyogenes, L. monocytogenes, and S. lugdunensis (373–376). 

Bioinformatics analysis indicates that NEAT-domain containing proteins may be widely 
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distributed among Firmicutes and present in both pathogenic and non-pathogenic 

organisms, although these must be characterized to elucidate their functions (363).  

Corynebacterium diphtheriae uses non-NEAT mediated mechanisms to acquire 

heme through HmuTUV, HtaABC and ChtABC/CirA. HmuTUV bear sequence 

homology to heme transporters in Gram-negative pathogens, including HmuTUV in 

Yersinia pestis (377–379). Lipoprotein HmuT is capable of binding heme and 

hemoglobin and thought to relay heme into the cell through the HmuU permease and 

HmuV ATPase (377). It was later discovered that genes proximal to hmuTUV are also 

involved in heme acquisition. htaA is encoded with hmuTUV and htaBC are encoded in 

an adjacent locus (380, 381). HtaA and HtaB both contain N-terminal secretion signals 

and C-terminal transmembrane domains. While HmuT and HtaB are predominantly 

found in the cytoplasmic membrane, the majority of HtaA is extracellular (380). HtaA is 

able to interact with hemoglobin and may function as an extracellular hemophore (382). 

The model includes heme extraction from hemoglobin by HtaA, and then relay to HtaB 

and further to HmuT prior to translocation via HmuUV (382). Binding of heme is 

facilitated by an N-terminal histidine and C-terminal tyrosine on HmuT, whereas HtaA 

and HtaB employ unique conserved regions (CR) of ~150 amino acids to bind heme or 

hemoproteins (382, 383). HtaA has two CR domains and CR2 is the predominant heme 

and hemoprotein-binding domain with conserved tyrosine and histidine residues critical 

for binding. HtaB has one CR domain with high affinity for heme, and can accept heme 

from HtaA (382). Complete deletion of the hmu-hta locus reduces, but does not 

completely abrogate growth with heme as a sole iron source, and chtAB and cirA chtC 

operons were further identified as important for heme acquisition. All four of the encoded 
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proteins are surface-exposed and ChtA, ChtB and ChtC each have one CR domain and 

are all capable of binding heme and hemoglobin (384). ChtA and ChtC, much like HtaA, 

are able to bind hemoglobin-haptoglobin, whereas ChtB appears to be functionally 

redundant to HtaB (384, 385). The interplay between these functionally redundant 

systems has not been investigated in detail, although a combination of HtaA, ChtA and 

ChtC may function to bind hemoglobin-haptoglobin, extract heme, and relay it to HtaB or 

ChtB and further to HmuTUV (385). Internalized heme is degraded by the canonical 

heme oxygenase HmuO (386). Factors affecting cell wall remodeling to facilitate surface 

exposure of the exposed proteins, such that they remain membrane-associated and also 

bind the larger substrates (ie. hemoglobin-haptoglobin) are unknown. The contributions 

of these heme acquisition mechanisms to survival and growth of C. diphtheriae in the 

host remain undefined.  

1.4.13 Transcriptional regulation of iron acquisition mechanisms 

Iron limitation serves as a sensory cue that triggers global changes in the protein 

expression profile of a pathogen to better adapt to starvation conditions that would be 

encountered within the host. Key nutrient acquisition mechanisms and virulence factors 

are expressed to better make use of the shifted environmental conditions for growth and 

evasion of host defense strategies. Transcriptional regulators are primary mediators of the 

observed changes, acting to promote or deter expression of specific genes. The ferric 

uptake regulator (Fur) is the classical, canonical iron responsive transcriptional regulator 

in prokaryotes. Several species have structurally and functionally analogous regulators, 

including DtxR in C. diphtheriae and MtsR in S. pyogenes (381, 387, 388). The 

homodimeric metalloproteins function predominantly as repressors of iron-responsive 
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genes. Each monomer contains a ~120 amino acid winged-helix DNA-binding domain 

and a regulatory metal-binding carboxyl moiety that enables dimerization upon 

corepressor (ferrous iron) binding (389–391). When cellular iron is replete and exceeds 

that required for proper functioning of iron-containing metalloproteins, ferrous iron 

associates with each subunit of the dimer and facilitates a conformation change to allow 

DNA binding (392). The target is a 19-bp sequence in the operator/promoter region of the 

target gene locus termed the Fur box. The recognition sequence is an AT-rich inverted 

palindromic repeat consisting of 9-bp with a 1-bp separation (389, 390, 393). Binding of 

Fur to the Fur box restricts spatial access of RNA polymerase to the promoter region, 

blocking transcription. Decrease of intracellular iron levels cause Fe2+ dissociation from 

Fur and release of DNA for derepression of genes including those for acquisition of 

various iron sources, in addition to many other virulence factors (394–396). Fur is also 

known to upregulate genes directly, and indirectly through repression of small silencing 

RNA molecules (397, 398).  

 The redox capability of iron confers on Fur a large role in pathogen defense 

against oxidative and nitrosative stress encountered in the host. PerR (or functionally 

equivalent OxyR or OhR) is a Fur paralog that plays a central role in the response to 

oxidative stress and sensing the Fe/Mn ratio in the bacterial cell (399). Both of these ions 

may be coordinated in the regulatory site of the zinc-containing metalloprotein (400). 

Iron and manganese compete for binding, and Fe2+-PerR is greatly more sensitive to 

oxidation than Mn2+-PerR and thought to be responsible for sensing oxidative stress 

(401). Like Fur, metal binding to PerR facilitates binding to the promoter region of genes 

in the PerR regulon for repression (402). Oxidation of Fe2+-PerR leads to derepression of 
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target genes, whereas Mn2+-PerR is insensitive to oxidation (403). Additionally, metal 

selectivity influences the subset of genes regulated, where Fe2+-PerR only represses a 

subset of genes in the regulon most critical for response to oxidative stress (402). 

Furthermore, Fur is regulated by PerR and upregulated by oxidative stress, indicating 

crosstalk between iron and manganese homeostasis with stress response, which adds to 

the complexity of how dynamic environmental signals impact on the bacterial 

transcriptome through sensor proteins with varying specificity and sensitivity (402, 404–

406).  

1.5 Staphylococcus spp. 

1.5.1 The genus Staphylococcus 

The Staphylococcus genus includes 51 Gram-positive bacterial species. Most reside on 

the skin and mucous membranes of their mammalian hosts and remain harmless 

commensals. Several species are capable of opportunistic infection in humans and are of 

particular clinical consequence. S. saprophyticus is a leading cause of uncomplicated 

urinary tract infections (407). S. epidermidis is found ubiquitously on the skin of many 

mammals and may form dense biofilms on indwelling biomaterials (ie. catheters, 

prostheses), making it a common nosocomial pathogen associated with device-related 

infections (408, 409). S. lugdunensis is also a ubiquitous skin commensal although it is 

gaining notoriety for causing serious infections, including skin and soft tissue infections 

(SSTIs), osteomyelitis, pneumonia, meningitis, and particularly aggressive endocarditis 

(410–412). S. aureus is the most well known staphylococcal species, responsible for 

causing a broad spectrum of infections which include the clinical manifestations 

mentioned for S. lugdunensis (413). S. aureus is most commonly found in the anterior 
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nares, permanently in ~20% of the population and transiently in another ~60% (414). 

Although only present in a subset of the population, S. aureus is responsible for the 

majority of staphylococcal clinical manifestations requiring hospitalization.  

S. aureus is distinguished from the former three (and other) staphylococci as 

coagulase-positive, in that it secretes abundant coagulase. Coagulase binds to and 

activates prothrombin in serum to convert fibrinogen to fibrin and cause clotting (415). S. 

lugdunensis does not secrete soluble coagulase, although does produce a membrane-

bound coagulase (clumping factor) which elicits a similar positive result in a slide 

coagulation test (416). Although cases are rare, several common veterinary species of 

coagulase-positive staphylococci are also able to cause disease in humans, further 

reducing the specificity of coagulase analysis as a diagnostic tool (417–419). Despite 

somewhat inexact genotyping based on phenotype, Staphylococcus species are still (as of 

now) classified as coagulase-positive (CPS) or coagulase-negative (CNS).  

1.5.2 Staphylococcus aureus pathogenesis 

The large number of S. aureus-associated clinical manifestations has garnered the 

bacterium considerable attention among researchers, and it is the most widely studied 

Staphylococcus species. While traditionally thought of as a nosocomial pathogen, several 

strains have gained notoriety for causing disease in otherwise healthy individuals in 

community-acquired infections (420). The ability to colonize many bodily tissues endows 

the pathogen the ability to cause many various disease states, which may lead to host 

fatality (413). The success of S. aureus to colonize and cause pathogenesis in the host is, 

in part, attributed to its vast arsenal of virulence factors. Among the best studied include 

compounds involved in tissue attachment (host extracellular matrix-binding, clotting, 
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biofilm formation; clumping factors, coagulase, DNA and polysaccharide-laden 

biofilms), immune evasion (inhibition of complement, immune cell chemotaxis and 

phagocytosis; staphopains, aureolysin, protein A), causing host cell damage (numerous 

pore-forming toxins; Panton Valentine leukocidins, α-hemolysin), mitigation of 

destruction (resistance to lysozyme, antimicrobial peptides and oxidative damage; OatA, 

MprF, SodA and SodM) and overcoming nutritional immunity (vital nutrient acquisition; 

staphyloferrin siderophores, Isd, Mnt). For more comprehensive reviews of S. aureus 

virulence determinants, consult (191, 421–424). 

1.5.3 Staphylococcus aureus response to iron withholding 

The S. aureus metabolome changes quite drastically when the bacterium enters the host 

bloodstream. Changes in environmental nutrients govern these metabolic shifts. 

Glycolysis is upregulated, whereas tricarboxylic acid (TCA) cycle activity is 

downregulated through carbon catabolite repression as an iron-sparing response to take 

advantage of increased glucose, and redistribute iron from the TCA iron-sulfur cluster 

containing proteins (425–427). The iron-sparing response upregulates glycolytic and 

fermentative pathways, generating ATP independently of respiration, and accumulates 

acidic byproducts (lactate) in the extracellular milieu (425). The decreased pH may 

promote dissociation of iron from host proteins such as transferrin and lactoferrin. 

 Iron depletion in the host confers a harsh environment and influences S. aureus 

pathogenesis via Fur. The iron-responsive regulator coordinates expression of many 

notable exoproteins including hemolysins, cytotoxins and immunomodulatory proteins, in 

addition to genes for iron procurement (313). S. aureus produces and secretes the stealth 

siderophores staphyloferrin A (SA) and staphyloferrin B (SB), which bind iron 
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specifically (428, 429). Staphylopine is a recently identified metallophore able to 

associate with several metal ions including iron, zinc, nickel, cobalt and copper. 

Staphylopine-metal binding differs among varying environmental conditions and 

bacterial growth status, and relevance for in vivo colonization and virulence is yet 

undetermined (430). S. aureus elaborates Isd proteins to acquire heme-iron from 

hemoglobin-haptoglobin, as well as transporters for acquisition of xenosiderophores with 

hydroxamate (Fhu) or catecholamine (Sst) moieties (271, 280, 340). Heme is the most 

abundant source of iron within the mammalian host and the preferred iron source of S. 

aureus (431, 432). A transcription factor (SbnI) encoded on the SB biosynthetic operon 

has been shown to modulate siderophore production and repress SB biosynthetic genes in 

the presence of heme (432). Interestingly, the staphylococcal siderophores are produced 

in distinct infection conditions, where staphyloferrin A is predominantly produced during 

subcutaneous infection whereas staphyloferrin B in glucose-rich environments such as in 

circulation (191, 433). 

1.5.4 Staphyloferrin A and staphyloferrin B 

The vast majority of Staphylococcus spp. produce SA (434). The biosynthetic operon 

consists of sfaABC and sfaD, transcribed divergently (Figure 1-6). The siderophore is 

produced by NRPS-independent synthetases. The SfaD synthetase condenses a citrate 

molecule with the δ-amine of D-ornithine as the rate limiting step, and SfaB further 

condenses another citrate molecule to the α-amine of the precursor (428). SfaC is a 

putative amino acid racemase that converts L-ornithine to D-ornithine, and SfaA is a 

major facilitator superfamily (MFS) efflux pump responsible for SA secretion (435, 436). 

SA coordinates Fe3+ using α-hydroxycarboxylate groups on the internal citrate moieties  
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Figure 1-6: Staphylococcus aureus siderophore transporters. Staphyloferrins A (SA) 

and B (SB) are synthesized by products of the sfa and sbn operons, respectively, and 

ferric-SA and ferric-SB are internalized through Hts and Sir transporters, respectively. 

Siderophores bearing hydroxamate or catechol moieties are transported by Fhu and Sst 

ABC transporters, respectively. Genes are colour-coded for distinction of protein 

products: yellow, siderophore synthetase; white/gray, integral membrane protein (for 

siderophore secretion or internalization); blue, lipoprotein receptor; peach/green, ATPase. 

Figure is adapted from (437). 
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for 6 coordination sites (438). The ABC transporter for SA uptake is encoded on hts 

genes situated next to genes for SA biosynthesis (Figure 1-6) (273). HtsA is the 

lipoprotein component that facilitates SA-binding and transfer through the HtsBC 

permease for translocation via energy generated by the FhuC ATPase (273, 439). The 

HtsA SA-binding site is a charged pocket lined with basic arginine residues particularly 

adept to bind the anionic siderophore (438, 440).  

 SB (formerly known as staphylobactin) is produced by several staphylococcal 

species (429, 441, 442). The biosynthetic operon contains nine genes, sbnA-I, including 

several for NRPS-independent synthesis of SB (Figure 1-6). SbnA uses O-phospho-L-

serine and L-glutamate to generate an intermediate product, which is hydrolyzed by SbnB 

to produce L-2,3-diaminopropionic acid (DAP) and α-ketoglutarate precursors for SB 

biosynthesis (443). SbnG is a novel citrate synthase that catalyzes citrate production from 

oxaloacetate and acetyl-CoA, thus compensating for the downregulation of CitZ (TCA 

cycle citrate synthase) during the iron-sparing response (433, 444). Citrate and DAP are 

condensed via SbnE, which is further processed by SbnH to decarboxylate a carboxyl 

group on the DAP end of intermediary product. SbnF catalyzes the condensation of 

another DAP molecule with the prochiral carbon of the citrate moiety on the precursor, 

and finally SbnC condenses the diaminoethane group on the precursor with an α-

ketoglutarate (429). The complete SB molecule is secreted via the SbnD MFS efflux 

pump, or an alternate yet to be determined transporter (436). As mentioned previously, 

the final encoded protein, SbnI, is involved in regulation of siderophore production (432). 

Carboxylate SB coordinates Fe3+ in hexadentate fashion using a nitrogen and five oxygen 

atoms (445). Ferric-SB is transported through encoded products of the sirABC operon, 
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transcribed divergently from the sbn operon (Figure 1-6). Lipoprotein SirA binds to SB 

with unique coordination compared to SA-HtsA binding, with different conformational 

shifts upon substrate-binding and few conserved contacting residues between SirA and 

HtsA for coordinating their respective carboxylate siderophores (445). Ferric-SB is 

passed through SirBC and internalized via energy generated by the FhuC ATPase (282). 

sfa, hts, sbn and sir loci all have Fur boxes in their promoter regions and are indeed iron-

regulated (273, 429, 437). 

1.5.5 Xenosiderophore acquisition by Staphylococcus aureus 

S. aureus cannot synthesize, yet is able to transport exogenously-produced hydroxamate 

siderophores (Figure 1-6). In the case of this transporter, either of two lipoproteins 

FhuD1 and FhuD2 are responsible for substrate recognition, binding of hydroxamate 

siderophores, with FhuD2 exhibiting both a broader substrate specificity and greater 

binding affinity for substrates (281, 283). These lipoproteins shuttle various hydroxamate 

substrates through the FhuBG permease, via energy derived from the associated FhuC 

ATPase (280). The FhuC ATPase required for hydroxamate transport is the same that is 

required for transport of SA and SB. The Fhu transporter in S. aureus is also relevant to 

medical practice, as chelation therapy for iron overload disorders (such as thalassemia 

and hemochromatosis) frequently use hydroxamate chelators as treatment, including 

DesferalTM (Novartis), which may exacerbate infection-favouring conditions (284). 

 S. aureus is also capable of using catechols for growth, although does not produce 

any catechol siderophore (Figure 1-6). The sstABCD operon has been described as a 

catechol transporter in S. aureus. The SstD lipoprotein functions in association with the 

SstAB membrane permease and SstC ATPase to transport host-produced catecholamine 
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stress hormones (ie. epinephrine, norepinephrine, dopamine, L-DOPA) as a source of 

iron, as these molecules are able to liberate iron from host proteins such as transferrin 

(271). The sst locus has a Fur box in the promoter region and has been shown to be iron-

regulated (446). Further description of the method in which iron is released from SA, SB, 

hydroxamates and catecholamines is warranted, as well as any regulatory effects these 

compounds may have. It is plausible that since the Sst transporter uses a different ATPase 

than the other siderophore acquisition machinery, it may have other, yet to be determined 

functions in addition to iron acquisition.  

1.5.6 Staphylococcus aureus heme-iron acquisition 

Heme acquisition by S. aureus is mediated by the Isd system detailed in the earlier 

section ‘Heme uptake by Gram-positive bacteria’ (see Figure 1-5). The sortase-A 

anchored Isd proteins are transcribed separately from the core of the system. IsdH, IsdB 

and IsdA are each transcribed separately from the isdCDEF srtB isdG operon, with isdA 

and isdB transcribed divergently and separately from the other. isdH and isdI are 

dissociated in the genome from the other isd genes. The Isd system is a high-affinity 

heme acquisition mechanism that allows growth with low nanomolar concentrations of 

heme/hemoglobin typical of physiological circulatory conditions (447). At 

supraphysiological heme-iron concentrations (>50 nM), the Isd system becomes less 

relevant and another, yet unidentified heme-iron acquisition system permits growth of isd 

deletion mutants (447, 448). Non-Isd heme-iron acquisition is believed to play a larger 

role in prolonged infection states in which hemolysis/necrosis has taken place, although 

this notion remains to be validated. Nevertheless, Isd proteins are highly upregulated in 
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blood and serum and S. aureus single gene isd deletion mutants are attenuated for growth 

in mammalian infection models (339, 351, 447, 449, 450).  

1.5.7 Staphylococcus lugdunensis 

S. lugdunensis was first described in 1988, and named after where it was isolated, in 

Lyon, France (451). Despite being able to cause debilitating disease reminiscent of S. 

aureus, S. lugdunensis remains an underappreciated pathogen, likely due to its more 

recent emergence. The ubiquitous skin commensal largely inhabits the lower extremities, 

including the groin region and perineum (452). It is responsible for both nosocomial and 

community-acquired infections and while most clinical manifestations are SSTIs 

(55.4%), 17.4% of infections are of blood and vascular catheter origin (453). Strikingly, 

rates of required surgery for S. lugdunensis-associated infective endocarditis (IE) surpass 

that of S. aureus IE (70% vs. 36.9%), and the mortality rate of S. lugdunensis-associated 

IE (50%) is much greater than that of S. aureus (14.5%) and S. epidermidis (20%) (454, 

455). Nearly half of infected patients have no comorbidities, indicating S. lugdunensis is 

able to cause disease in otherwise healthy individuals (411). In addition to skin trauma, 

many reports detail individuals who undergo surgical procedures including vasectomy 

and kidney transplant and acquire S. lugdunensis IE soon-after (456–459). Although S. 

lugdunensis infections typically occur at lower frequency than S. aureus, the true burden 

may be underestimated due to S. lugdunensis isolates producing clumping factor 

(membrane-bound coagulating protein), which elicits positive slide coagulase and/or 

latex agglutination results in the clinic, leading to misidentification.   

The enigmatic S. lugdunensis exhibits elevated virulence compared to other CNS, 

yet genome sequence analysis indicates a lack of most of the virulence factors present in 
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S. aureus. How then is this odd, recently discovered CNS able to cause severe disease 

akin to or more virulent (for IE) than other staphylococci? Data on molecular 

determinants for S. lugdunensis pathogenesis is scarce, and CNS typically only have a 

few virulence determinants (460). In addition to fibrinogen binding protein (Fbl, 

clumping factor ClfA homolog), there is limited information on a yet uncharacterized von 

Willebrand-binding protein (vWbl), and S. lugdunensis synergistic hemolysins (SLUSH 

peptides) (461–466). SLUSH A, B and C are short β-type phenol soluble modulin-like 

peptides that function analogously to δ-toxin and exhibit cytotoxic effects on host cells 

(466, 467). SLUSH peptides also attract and activate neutrophils via formyl peptide 

receptor 2 (Fpr2) (468, 469). About half of S. lugdunensis clinical isolates lack SLUSH 

genes, whereas all isolates have genes for β-hemolysin and hemolysin III (ie. 

sphingomyelin phosphodiesterase) (470). Interestingly, 5% of isolates are non-hemolytic, 

and these may or may not contain SLUSH gene sequences (466, 470). The latter two 

mentioned hemolytic factors have yet to be investigated, and the reason for some isolates 

being non-hemolytic is perplexing given their genetic profiles to bear genes for 

expression of putative hemolytic proteins. Recent advancements in S. lugdunensis genetic 

manipulation has allowed for more detailed studies into the organisms biology. S. 

lugdunensis is the only other staphylococcal species to contain a region with similar 

sequence and organization to S. aureus isd, albeit with differences and most identity 

occurring within protein NEAT domains. S. lugdunensis IsdB has been shown to bind 

human hemoglobin and hemoglobin-haptoglobin, and isd genes are required for growth 

with hemoglobin as a sole iron source (376). IsdG has also been shown to degrade heme 

to release iron (471). In addition to the ability to accept heme from IsdB, IsdC is 
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important for biofilm formation under low-iron growth conditions (376, 472). Further 

detailing the S. lugdunensis Isd system is warranted, as well as other potential virulence 

determinants.  

1.6 Objective and inquiries 

S. lugdunensis is an emerging pathogen able to cause destructive infections with high 

rates of mortality even with therapeutic surgical intervention. There is a lack of described 

virulence factors for this staphylococcal species, fueling our interest to study this curious 

microbe. Prior to this study, genome sequences of two isolates had been recently 

published, and would aid us in ascribing biological functions to several genomic regions 

of interest (473, 474). During the course of this study, there were two publications that 

evaluated S. lugdunensis virulence in mammalian endocarditis models, and only Sortase 

A was shown as a virulence factor in the host (475, 476). Mechanisms of iron acquisition 

were largely undefined, and the Isd system, several components of which were well 

characterized, was not described completely. The objective of this study was to describe 

the host-iron acquisition strategies of S. lugdunensis. Experimental research was aimed to 

address the following inquiries: 

1) Does S. lugdunensis produce a siderophore – likely one of the two common 

staphylococcal siderophores (SA and/or SB)? 

2) What siderophores is S. lugdunensis capable to acquire, and can it acquire host-

produced catecholamine stress hormones as sources of iron? 

3) What is the impact of siderophore and/or heme acquisition for colonization and 

pathogenesis in the host? 



59 

 

1.7 References 
 
1.  Pierre JL, Fontecave M, Crichton RR. Chemistry for an essential biological 

process: the reduction of ferric iron. Biometals 15:341–346. 
 
2.  Chipperfield JR, Ratledge C. Salicylic acid is not a bacterial siderophore: a 

theoretical study. Biometals 13:165–168. 
 
3.  Ratledge C, Dover LG. 2000. Iron metabolism in pathogenic bacteria. Annu Rev 

Microbiol 54:881–941. 
 
4.  Guerinot ML. 1994. Microbial Iron Transport. Annu Rev Microbiol 48:743–772. 
 
5.  Haber F, Weiss J. 1932. Uber die Katalyse des Hydroperoxydes. 

Naturwissenschaften 20:948–950. 
 
6.  Fenton HJH. 1894. Oxidation of tartaric acid in presence of iron. J Chem Soc 

Trans 65:899. 
 
7.  Imlay J, Linn S. 1988. DNA damage and oxygen radical toxicity. Science (80- ) 

240:1302–1309. 
 
8.  Imlay JA. 2002. How oxygen damages microbes: Oxygen tolerance and obligate 

anaerobiosis. Adv Microb Physiol 46:111–153. 
 
9.  Cabiscol E, Tamarit J, Ros J. 2000. Oxidative stress in bacteria and protein 

damage by reactive oxygen species. Int Microbiol 3:3–8. 
 
10.  Toyokuni S, Sagripanti JL. 1992. Iron-mediated DNA damage: sensitive 

detection of DNA strand breakage catalyzed by iron. J Inorg Biochem 47:241–8. 
 
11.  Anderson GJ, Frazer DM, McLaren GD. 2009. Iron absorption and metabolism. 

Curr Opin Gastroenterol 25:129–35. 
 
12.  Cassat JE, Skaar EP. 2013. Iron in infection and immunity. Cell Host Microbe 

13:509–19. 
 
13.  Fleming RE, Bacon BR. 2005. Orchestration of iron homeostasis. N Engl J Med 

352:1741–4. 
 
14.  Abboud S, Haile DJ. 2000. A novel mammalian iron-regulated protein involved 

in intracellular iron metabolism. J Biol Chem 275:19906–12. 
 
15.  Donovan A, Brownlie A, Zhou Y, Shepard J, Pratt SJ, Moynihan J, Paw BH, 

Drejer A, Barut B, Zapata A, Law TC, Brugnara C, Lux SE, Pinkus GS, 
Pinkus JL, Kingsley PD, Palis J, Fleming MD, Andrews NC, Zon LI. 2000. 



60 

 

Positional cloning of zebrafish ferroportin1 identifies a conserved vertebrate iron 
exporter. Nature 403:776–81. 

 
16.  McKie AT, Marciani P, Rolfs A, Brennan K, Wehr K, Barrow D, Miret S, 

Bomford A, Peters TJ, Farzaneh F, Hediger MA, Hentze MW, Simpson RJ. 
2000. A Novel Duodenal Iron-Regulated Transporter, IREG1, Implicated in the 
Basolateral Transfer of Iron to the Circulation. Mol Cell 5:299–309. 

 
17.  Nemeth E, Tuttle MS, Powelson J, Vaughn MB, Donovan A, Ward DM, Ganz 

T, Kaplan J. 2004. Hepcidin regulates cellular iron efflux by binding to 
ferroportin and inducing its internalization. Science 306:2090–3. 

 
18.  Bradley JM, Le Brun NE, Moore GR. 2016. Ferritins: furnishing proteins with 

iron. J Biol Inorg Chem 21:13–28. 
 
19.  Chasteen ND, Harrison PM. 1999. Mineralization in ferritin: an efficient means 

of iron storage. J Struct Biol 126:182–94. 
 
20.  Bonkovsky HL. 1991. Iron and the liver. Am J Med Sci 301:32–43. 
 
21.  Fargion S, Fracanzani AL, Brando B, Arosio P, Levi S, Fiorelli G. 1991. 

Specific binding sites for H-ferritin on human lymphocytes: modulation during 
cellular proliferation and potential implication in cell growth control. Blood 
78:1056–61. 

 
22.  Fisher J, Devraj K, Ingram J, Slagle-Webb B, Madhankumar AB, Liu X, 

Klinger M, Simpson IA, Connor JR. 2007. Ferritin: a novel mechanism for 
delivery of iron to the brain and other organs. Am J Physiol Cell Physiol 
293:C641–9. 

 
23.  Gelvan D, Fibach E, Meyron-Holtz EG, Konijn AM. 1996. Ferritin uptake by 

human erythroid precursors is a regulated iron uptake pathway. Blood 88:3200–7. 
 
24.  Lee MH, Means RT. 1995. Extremely elevated serum ferritin levels in a 

university hospital: Associated diseases and clinical significance. Am J Med 
98:566–571. 

 
25.  Morrison ED. 2003. Serum Ferritin Level Predicts Advanced Hepatic Fibrosis 

among U.S. Patients with Phenotypic Hemochromatosis. Ann Intern Med 138:627. 
 
26.  Wang W, Knovich MA, Coffman LG, Torti FM, Torti S V. 2010. Serum 

ferritin: Past, present and future. Biochim Biophys Acta 1800:760–9. 
 
27.  Kessler D, Leibrecht I, Knappe J. 1991. Pyruvate-formate-lyase-deactivase and 

acetyl-CoA reductase activities of Escherichia coli reside on a polymeric protein 
particle encoded by adhE. FEBS Lett 281:59–63. 



61 

 

 
28.  Peters JW, Lanzilotta WN, Lemon BJ SL. 1998. X-ray Crystal Structure of the 

Fe-Only Hydrogenase (CpI) from Clostridium pasteurianum to 1.8 Angstrom 
Resolution. Science (80- ) 282:1853–1858. 

 
29.  Yamamoto I, Saiki T, Liu SM, Ljungdahl LG. 1983. Purification and properties 

of NADP-dependent formate dehydrogenase from Clostridium thermoaceticum, a 
tungsten-selenium-iron protein. J Biol Chem 258:1826–32. 

 
30.  Johnson DC, Dean DR, Smith AD, Johnson MK. 2005. Structure, function, and 

formation of biological iron-sulfur clusters. Annu Rev Biochem 74:247–81. 
 
31.  Finch CA. 1959. Body iron exchange in man. J Clin Invest 38:392–6. 
 
32.  Rae TD, Goff HM. 1998. The Heme Prosthetic Group of Lactoperoxidase: 

Structural Characteristics of Heme l and Heme l-Peptides. J Biol Chem 
273:27968–27977. 

 
33.  Murshudov GN, Grebenko AI, Barynin V, Dauter Z, Wilson KS, Vainshtein 

BK, Melik-Adamyan W, Bravo J, Ferran JM, Ferrer JC, Switala J, Loewen 
PC, Fita I. 1996. Structure of the Heme d of Penicillium vitale and Escherichia 
coli Catalases. J Biol Chem 271:8863–8868. 

 
34.  Li T, Bonkovsky HL, Guo J. 2011. Structural analysis of heme proteins: 

implications for design and prediction. BMC Struct Biol 11:13. 
 
35.  Berk PD, Bloomer JR, Howe RB, Blaschke TF, Berlin NI. 1972. Bilirubin 

production as a measure of red cell life span. J Lab Clin Med 79:364–78. 
 
36.  Smith JA. 1995. Exercise, training and red blood cell turnover. Sport Med 19:9–

31. 
 
37.  Lim SK, Ferraro B, Moore K, Halliwell B. 2001. Role of haptoglobin in free 

hemoglobin metabolism. Redox Rep 6:219–27. 
 
38.  Kristiansen M, Graversen JH, Jacobsen C, Sonne O, Hoffman HJ, Law SK, 

Moestrup SK. 2001. Identification of the haemoglobin scavenger receptor. Nature 
409:198–201. 

 
39.  Hoy TG, Jacobs A. 1981. Ferritin polymers and the formation of haemosiderin. 

Br J Haematol 49:593–602. 
 
40.  Winter WE, Bazydlo LAL, Harris NS. 2014. The Molecular Biology of Human 

Iron Metabolism. Lab Med 45:92–102. 
 
41.  Ascenzi P, Fasano M. 2009. Serum heme-albumin: an allosteric protein. IUBMB 



62 

 

Life 61:1118–22. 
 
42.  Tolosano E, Altruda F. 2002. Hemopexin: structure, function, and regulation. 

DNA Cell Biol 21:297–306. 
 
43.  Hvidberg V, Maniecki MB, Jacobsen C, Højrup P, Møller HJ, Moestrup SK. 

2005. Identification of the receptor scavenging hemopexin-heme complexes. 
Blood 106:2572–9. 

 
44.  Crichton RR, Charloteaux-Wauters M. 1987. Iron transport and storage. Eur J 

Biochem 164:485–506. 
 
45.  Uchida T, Akitsuki T, Kimura H, Tanaka T, Matsuda S, Kariyone S. 1983. 

Relationship among plasma iron, plasma iron turnover, and reticuloendothelial 
iron release. Blood 61:799–802. 

 
46.  Schmidt PJ, Toran PT, Giannetti AM, Bjorkman PJ, Andrews NC. 2008. The 

transferrin receptor modulates Hfe-dependent regulation of hepcidin expression. 
Cell Metab 7:205–14. 

 
47.  Stites SW, Nelson ME, Wesselius LJ. 1995. Transferrin concentrations in serum 

and lower respiratory tract fluid of mechanically ventilated patients with COPD or 
ARDS. Chest 107:1681–5. 

 
48.  Virtanen MA, Viinikka LU, Virtanen MK, Svahn JC, Anttila RM, Krusius T, 

Cook JD, Axelsson IE, Raiha NC, Siimes MA. 1999. Higher concentrations of 
serum transferrin receptor in children than in adults. Am J Clin Nutr 69:256–260. 

 
49.  Aisen P, Leibman A, Zweier J. 1978. Stoichiometric and site characteristics of 

the binding of iron to human transferrin. J Biol Chem 253:1930–7. 
 
50.  Aasa R, Malmstoem BG, Saltman P. 1963. The specific binding of iron(III) and 

copper(II) to transferrin and conalbumin. Biochim Biophys Acta 75:203–22. 
 
51.  Wish JB. 2006. Assessing iron status: beyond serum ferritin and transferrin 

saturation. Clin J Am Soc Nephrol 1 Suppl 1:S4–8. 
 
52.  Ward JH. 1987. The structure, function, and regulation of transferrin receptors. 

Invest Radiol 22:74–83. 
 
53.  Irie S, Tavassoli M. 1987. Review: Transferrin-Mediated Cellular Iron Uptake. 

Am J Med Sci 293:103–111. 
 
54.  Gao J, Chen J, Kramer M, Tsukamoto H, Zhang A-S, Enns CA. 2009. 

Interaction of the hereditary hemochromatosis protein HFE with transferrin 
receptor 2 is required for transferrin-induced hepcidin expression. Cell Metab 



63 

 

9:217–27. 
 
55.  Gao J, Chen J, De Domenico I, Koeller DM, Harding CO, Fleming RE, 

Koeberl DD, Enns CA. 2010. Hepatocyte-targeted HFE and TFR2 control 
hepcidin expression in mice. Blood 115:3374–81. 

 
56.  Thomson AM, Rogers JT, Leedman PJ. 1999. Iron-regulatory proteins, iron-

responsive elements and ferritin mRNA translation. Int J Biochem Cell Biol 
31:1139–1152. 

 
57.  Baker EN, Baker HM. 2005. Molecular structure, binding properties and 

dynamics of lactoferrin. Cell Mol Life Sci 62:2531–9. 
 
58.  Wally J, Buchanan SK. 2007. A structural comparison of human serum 

transferrin and human lactoferrin. Biometals 20:249–62. 
 
59.  Baggiolini M, De Duve C, Masson PL, Heremans JF. 1970. Association of 

lactoferrin with specific granules in rabbit heterophil leukocytes. J Exp Med 
131:559–70. 

 
60.  Singh PK, Parsek MR, Greenberg EP, Welsh MJ. 2002. A component of innate 

immunity prevents bacterial biofilm development. Nature 417:552–5. 
 
61.  Rainard P. 1986. Bacteriostatic activity of bovine milk lactoferrin against mastitic 

bacteria. Vet Microbiol 11:387–92. 
 
62.  Sánchez L, Calvo M, Brock JH. 1992. Biological role of lactoferrin. Arch Dis 

Child 67:657–661. 
 
63.  Khan FA, Fisher MA, Khakoo RA. 2007. Association of hemochromatosis with 

infectious diseases: expanding spectrum. Int J Infect Dis 11:482–7. 
 
64.  Ricerca BM, Di Girolamo A, Rund D. 2009. Infections in thalassemia and 

hemoglobinopathies: focus on therapy-related complications. Mediterr J Hematol 
Infect Dis 1:e2009028. 

 
65.  Roy CN, Custodio AO, de Graaf J, Schneider S, Akpan I, Montross LK, 

Sanchez M, Gaudino A, Hentze MW, Andrews NC, Muckenthaler MU. 2004. 
An Hfe-dependent pathway mediates hyposideremia in response to 
lipopolysaccharide-induced inflammation in mice. Nat Genet 36:481–5. 

 
66.  Lee P, Peng H, Gelbart T, Wang L, Beutler E. 2005. Regulation of hepcidin 

transcription by interleukin-1 and interleukin-6. Proc Natl Acad Sci U S A 
102:1906–10. 

 
67.  Millonig G, Ganzleben I, Peccerella T, Casanovas G, Brodziak-Jarosz L, 



64 

 

Breitkopf-Heinlein K, Dick TP, Seitz H-K, Muckenthaler MU, Mueller S. 
2012. Sustained submicromolar H2O2 levels induce hepcidin via signal transducer 
and activator of transcription 3 (STAT3). J Biol Chem 287:37472–82. 

 
68.  Nicolas G, Chauvet C, Viatte L, Danan JL, Bigard X, Devaux I, Beaumont C, 

Kahn A, Vaulont S. 2002. The gene encoding the iron regulatory peptide hepcidin 
is regulated by anemia, hypoxia, and inflammation. J Clin Invest 110:1037–44. 

 
69.  Rogers JT, Bridges KR, Durmowicz GP, Glass J, Auron PE, Munro HN. 

1990. Translational control during the acute phase response. Ferritin synthesis in 
response to interleukin-1. J Biol Chem 265:14572–8. 

 
70.  Wang Y, Kinzie E, Berger FG, Lim SK, Baumann H. 2001. Haptoglobin, an 

inflammation-inducible plasma protein. Redox Rep 6:379–85. 
 
71.  Marinkovic S, Jahreis GP, Wong GG, Baumann H. 1989. IL-6 modulates the 

synthesis of a specific set of acute phase plasma proteins in vivo. J Immunol 
142:808–12. 

 
72.  Van Snick JL, Masson PL, Heremans JF. 1974. The involvement of lactoferrin 

in the hyposideremia of acute inflammation. J Exp Med 140:1068–84. 
 
73.  Corbin BD, Seeley EH, Raab A, Feldmann J, Miller MR, Torres VJ, 

Anderson KL, Dattilo BM, Dunman PM, Gerads R, Caprioli RM, Nacken W, 
Chazin WJ, Skaar EP. 2008. Metal chelation and inhibition of bacterial growth 
in tissue abscesses. Science 319:962–5. 

 
74.  Nakashige TG, Zhang B, Krebs C, Nolan EM. 2015. Human calprotectin is an 

iron-sequestering host-defense protein. Nat Chem Biol 11:765–71. 
 
75.  Damo SM, Kehl-Fie TE, Sugitani N, Holt ME, Rathi S, Murphy WJ, Zhang 

Y, Betz C, Hench L, Fritz G, Skaar EP, Chazin WJ. 2013. Molecular basis for 
manganese sequestration by calprotectin and roles in the innate immune response 
to invading bacterial pathogens. Proc Natl Acad Sci U S A 110:3841–6. 

 
76.  Brophy MB, Hayden JA, Nolan EM. 2012. Calcium ion gradients modulate the 

zinc affinity and antibacterial activity of human calprotectin. J Am Chem Soc 
134:18089–100. 

 
77.  Hayden JA, Brophy MB, Cunden LS, Nolan EM. 2013. High-affinity 

manganese coordination by human calprotectin is calcium-dependent and requires 
the histidine-rich site formed at the dimer interface. J Am Chem Soc 135:775–87. 

 
78.  Foell D, Wittkowski H, Vogl T, Roth J. 2007. S100 proteins expressed in 

phagocytes: a novel group of damage-associated molecular pattern molecules. J 
Leukoc Biol 81:28–37. 



65 

 

 
79.  Broome A-M, Ryan D, Eckert RL. 2003. S100 protein subcellular localization 

during epidermal differentiation and psoriasis. J Histochem Cytochem 51:675–85. 
 
80.  O’Shea MJ, Kershenobich D, Tavill AS. 1973. Effects of inflammation on iron 

and transferrin metabolism. Br J Haematol 25:707–14. 
 
81.  Rambod M, Kovesdy CP, Kalantar-Zadeh K. 2008. Combined high serum 

ferritin and low iron saturation in hemodialysis patients: the role of inflammation. 
Clin J Am Soc Nephrol 3:1691–701. 

 
82.  Goodnough LT, Nemeth E, Ganz T. 2010. Detection, evaluation, and 

management of iron-restricted erythropoiesis. Blood 116:4754–61. 
 
83.  Yamaguchi-Iwai Y, Stearman R, Dancis A, Klausner RD. 1996. Iron-regulated 

DNA binding by the AFT1 protein controls the iron regulon in yeast. EMBO J 
15:3377–84. 

 
84.  Rutherford JC, Jaron S, Ray E, Brown PO, Winge DR. 2001. A second iron-

regulatory system in yeast independent of Aft1p. Proc Natl Acad Sci U S A 
98:14322–7. 

 
85.  Howard DH. 1999. Acquisition, transport, and storage of iron by pathogenic 

fungi. Clin Microbiol Rev 12:394–404. 
 
86.  Dancis A, Klausner RD, Hinnebusch AG, Barriocanal JG. 1990. Genetic 

evidence that ferric reductase is required for iron uptake in Saccharomyces 
cerevisiae. Mol Cell Biol 10:2294–2301. 

 
87.  Georgatsou E, Alexandraki D. 1994. Two distinctly regulated genes are required 

for ferric reduction, the first step of iron uptake in Saccharomyces cerevisiae. Mol 
Cell Biol 14:3065–3073. 

 
88.  Nevitt T. 2011. War-Fe-re: iron at the core of fungal virulence and host immunity. 

BioMetals 24:547 – 558. 
 
89.  Stearman R, Yuan DS, Yamaguchi-Iwai Y, Klausner RD, Dancis A. 1996. A 

permease-oxidase complex involved in high-affinity iron uptake in yeast. Science 
271:1552–7. 

 
90.  Kaplan J, O’Halloran T V. 1996. Iron metabolism in eukaryotes: Mars and 

Venus at it again. Science 271:1510–2. 
 
91.  Knight SAB, Vilaire G, Lesuisse E, Dancis A. 2005. Iron acquisition from 

transferrin by Candida albicans depends on the reductive pathway. Infect Immun 
73:5482–92. 



66 

 

 
92.  Jung WH, Hu G, Kuo W, Kronstad JW. 2009. Role of ferroxidases in iron 

uptake and virulence of Cryptococcus neoformans. Eukaryot Cell 8:1511–20. 
 
93.  Hider RC, Kong X. 2010. Chemistry and biology of siderophores. Nat Prod Rep 

27:637–57. 
 
94.  Evans RW, Kong X, Hider RC. 2012. Iron mobilization from transferrin by 

therapeutic iron chelating agents. Biochim Biophys Acta 1820:282–90. 
 
95.  Lesuisse E, Blaiseau PL, Dancis A, Camadro JM. 2001. Siderophore uptake and 

use by the yeast Saccharomyces cerevisiae. Microbiology 147:289–98. 
 
96.  Miethke M, Marahiel MA. 2007. Siderophore-Based Iron Acquisition and 

Pathogen Control. Microbiol Mol Biol Rev 71:413–451. 
 
97.  Philpott CC. 2006. Iron uptake in fungi: a system for every source. Biochim 

Biophys Acta 1763:636–45. 
 
98.  Hissen AHT, Chow JMT, Pinto LJ, Moore MM. 2004. Survival of Aspergillus 

fumigatus in serum involves removal of iron from transferrin: the role of 
siderophores. Infect Immun 72:1402–8. 

 
99.  Schrettl M, Bignell E, Kragl C, Joechl C, Rogers T, Arst HN, Haynes K, Haas 

H. 2004. Siderophore biosynthesis but not reductive iron assimilation is essential 
for Aspergillus fumigatus virulence. J Exp Med 200:1213–9. 

 
100.  Haas H. 2003. Molecular genetics of fungal siderophore biosynthesis and uptake: 

the role of siderophores in iron uptake and storage. Appl Microbiol Biotechnol 
62:316–30. 

 
101.  Foster L-AA. 2002. Utilization and cell-surface binding of hemin by Histoplasma 

capsulatum. Can J Microbiol 48:437–42. 
 
102.  Hu G, Caza M, Cadieux B, Chan V, Liu V, Kronstad J. 2013. Cryptococcus 

neoformans requires the ESCRT protein Vps23 for iron acquisition from heme, for 
capsule formation, and for virulence. Infect Immun 81:292–302. 

 
103.  Weissman Z, Shemer R, Kornitzer D. 2002. Deletion of the copper transporter 

CaCCC2 reveals two distinct pathways for iron acquisition in Candida albicans. 
Mol Microbiol 44:1551–60. 

 
104.  Mourer T, Jacques J-F, Brault A, Bisaillon M, Labbé S. 2015. Shu1 is a cell-

surface protein involved in iron acquisition from heme in Schizosaccharomyces 
pombe. J Biol Chem 290:10176–90. 

 



67 

 

105.  Moors MA, Stull TL, Blank KJ, Buckley HR, Mosser DM. 1992. A role for 
complement receptor-like molecules in iron acquisition by Candida albicans. J 
Exp Med 175:1643–51. 

 
106.  Manns JM, Mosser DM, Buckley HR. 1994. Production of a hemolytic factor by 

Candida albicans. Infect Immun 62:5154–6. 
 
107.  Watanabe T, Takano M, Murakami M, Tanaka H, Matsuhisa A, Nakao N, 

Mikami T, Suzuki M, Matsumoto T. 1999. Characterization of a haemolytic 
factor from Candida albicans. Microbiology 145 ( Pt 3:689–94. 

 
108.  Weissman Z, Kornitzer D. 2004. A family of Candida cell surface haem-binding 

proteins involved in haemin and haemoglobin-iron utilization. Mol Microbiol 
53:1209–20. 

 
109.  Kulkarni RD, Kelkar HS, Dean RA. 2003. An eight-cysteine-containing CFEM 

domain unique to a group of fungal membrane proteins. Trends Biochem Sci 
28:118–21. 

 
110.  Zhang Z-N, Wu Q-Y, Zhang G-Z, Zhu Y-Y, Murphy RW, Liu Z, Zou C-G. 

2015. Systematic analyses reveal uniqueness and origin of the CFEM domain in 
fungi. Sci Rep 5:13032. 

 
111.  Kuznets G, Vigonsky E, Weissman Z, Lalli D, Gildor T, Kauffman SJ, 

Turano P, Becker J, Lewinson O, Kornitzer D. 2014. A relay network of 
extracellular heme-binding proteins drives C. albicans iron acquisition from 
hemoglobin. PLoS Pathog 10:e1004407. 

 
112.  Weissman Z, Shemer R, Conibear E, Kornitzer D. 2008. An endocytic 

mechanism for haemoglobin-iron acquisition in Candida albicans. Mol Microbiol 
69:201–17. 

 
113.  Pendrak ML, Chao MP, Yan SS, Roberts DD. 2004. Heme oxygenase in 

Candida albicans is regulated by hemoglobin and is necessary for metabolism of 
exogenous heme and hemoglobin to alpha-biliverdin. J Biol Chem 279:3426–33. 

 
114.  Navarathna DHMLP, Roberts DD. 2010. Candida albicans heme oxygenase and 

its product CO contribute to pathogenesis of candidemia and alter systemic 
chemokine and cytokine expression. Free Radic Biol Med 49:1561–73. 

 
115.  Cadieux B, Lian T, Hu G, Wang J, Biondo C, Teti G, Liu V, Murphy MEP, 

Creagh AL, Kronstad JW. 2013. The Mannoprotein Cig1 supports iron 
acquisition from heme and virulence in the pathogenic fungus Cryptococcus 
neoformans. J Infect Dis 207:1339–47. 

 
116.  Sutak R, Lesuisse E, Tachezy J, Richardson DR. 2008. Crusade for iron: iron 



68 

 

uptake in unicellular eukaryotes and its significance for virulence. Trends 
Microbiol 16:261–8. 

 
117.  Field MC, Carrington M. 2009. The trypanosome flagellar pocket. Nat Rev 

Microbiol 7:775–86. 
 
118.  Steverding D. The transferrin receptor of Trypanosoma brucei. Parasitol Int 

48:191 – 198. 
 
119.  van Luenen HGAM, Kieft R, Mussmann R, Engstler M, ter Riet B, Borst P. 

2005. Trypanosomes change their transferrin receptor expression to allow effective 
uptake of host transferrin. Mol Microbiol 58:151–65. 

 
120.  Taylor MC, Kelly JM. 2010. Iron metabolism in trypanosomatids, and its crucial 

role in infection. Parasitology 137:899–917. 
 
121.  Taylor MC, McLatchie AP, Kelly JM. 2013. Evidence that transport of iron 

from the lysosome to the cytosol in African trypanosomes is mediated by a 
mucolipin orthologue. Mol Microbiol 89:420–32. 

 
122.  Tanaka T, Abe Y, Inoue N, Kim W-S, Kumura H, Nagasawa H, Igarashi I, 

Shimazaki K-I. 2004. The detection of bovine lactoferrin binding protein on 
Trypanosoma brucei. J Vet Med Sci 66:619–25. 

 
123.  Rawat P, Kumar S, Sheokand N, Raje CI, Raje M. 2012. The multifunctional 

glycolytic protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a 
novel macrophage lactoferrin receptor. Biochem Cell Biol 90:329–38. 

 
124.  Kořený L, Oborník M, Lukeš J. 2013. Make it, take it, or leave it: heme 

metabolism of parasites. PLoS Pathog 9:e1003088. 
 
125.  Vanhollebeke B, De Muylder G, Nielsen MJ, Pays A, Tebabi P, Dieu M, Raes 

M, Moestrup SK, Pays E. 2008. A haptoglobin-hemoglobin receptor conveys 
innate immunity to Trypanosoma brucei in humans. Science 320:677–81. 

 
126.  Basu S, Horáková E, Lukeš J. 2016. Iron-associated biology of Trypanosoma 

brucei. Biochim Biophys Acta 1860:363–70. 
 
127.  Stijlemans B, Vankrunkelsven A, Brys L, Magez S, De Baetselier P. 2008. 

Role of iron homeostasis in trypanosomiasis-associated anemia. Immunobiology 
213:823–35. 

 
128.  McCall L-I, Zhang W-W, Matlashewski G. 2013. Determinants for the 

development of visceral leishmaniasis disease. PLoS Pathog 9:e1003053. 
 
129.  Antoine JC, Prina E, Lang T, Courret N. 1998. The biogenesis and properties of 



69 

 

the parasitophorous vacuoles that harbour Leishmania in murine macrophages. 
Trends Microbiol 6:392–401. 

 
130.  Courret N, Fréhel C, Gouhier N, Pouchelet M, Prina E, Roux P, Antoine J-C. 

2002. Biogenesis of Leishmania-harbouring parasitophorous vacuoles following 
phagocytosis of the metacyclic promastigote or amastigote stages of the parasites. 
J Cell Sci 115:2303–16. 

 
131.  Borges VM, Vannier-Santos MA, de Souza W. 1998. Subverted transferrin 

trafficking in Leishmania-infected macrophages. Parasitol Res 84:811–22. 
 
132.  Russell DG, Xu S, Chakraborty P. 1992. Intracellular trafficking and the 

parasitophorous vacuole of Leishmania mexicana-infected macrophages. J Cell Sci 
103 ( Pt 4:1193–210. 

 
133.  Reyes-López M, Piña-Vázquez C, Serrano-Luna J. 2015. Transferrin: 

Endocytosis and Cell Signaling in Parasitic Protozoa. Biomed Res Int 
2015:641392. 

 
134.  Wilson ME, Lewis TS, Miller MA, McCormick ML, Britigan BE. 2002. 

Leishmania chagasi: uptake of iron bound to lactoferrin or transferrin requires an 
iron reductase. Exp Parasitol 100:196–207. 

 
135.  Flannery AR, Huynh C, Mittra B, Mortara RA, Andrews NW. 2011. LFR1 

ferric iron reductase of Leishmania amazonensis is essential for the generation of 
infective parasite forms. J Biol Chem 286:23266–79. 

 
136.  Jacques I, Andrews NW, Huynh C. 2010. Functional characterization of LIT1, 

the Leishmania amazonensis ferrous iron transporter. Mol Biochem Parasitol 
170:28–36. 

 
137.  Huynh C, Sacks DL, Andrews NW. 2006. A Leishmania amazonensis ZIP 

family iron transporter is essential for parasite replication within macrophage 
phagolysosomes. J Exp Med 203:2363–75. 

 
138.  Voyiatzaki CS, Soteriadou KP. 1992. Identification and isolation of the 

Leishmania transferrin receptor. J Biol Chem 267:9112–7. 
 
139.  Alves JMP, Voegtly L, Matveyev A V, Lara AM, da Silva FM, Serrano MG, 

Buck GA, Teixeira MMG, Camargo EP. 2011. Identification and phylogenetic 
analysis of heme synthesis genes in trypanosomatids and their bacterial 
endosymbionts. PLoS One 6:e23518. 

 
140.  Sengupta S, Tripathi J, Tandon R, Raje M, Roy RP, Basu SK, 

Mukhopadhyay A. 1999. Hemoglobin Endocytosis in Leishmania Is Mediated 
through a 46-kDa Protein Located in the Flagellar Pocket. J Biol Chem 274:2758–



70 

 

2765. 
 
141.  Agarwal S, Rastogi R, Gupta D, Patel N, Raje M, Mukhopadhyay A. 2013. 

Clathrin-mediated hemoglobin endocytosis is essential for survival of Leishmania. 
Biochim Biophys Acta 1833:1065–77. 

 
142.  Singh SB, Tandon R, Krishnamurthy G, Vikram R, Sharma N, Basu SK, 

Mukhopadhyay A. 2003. Rab5-mediated endosome-endosome fusion regulates 
hemoglobin endocytosis in Leishmania donovani. EMBO J 22:5712–22. 

 
143.  Patel N, Singh SB, Basu SK, Mukhopadhyay A. 2008. Leishmania requires 

Rab7-mediated degradation of endocytosed hemoglobin for their growth. Proc Natl 
Acad Sci U S A 105:3980–5. 

 
144.  Campos-Salinas J, Cabello-Donayre M, García-Hernández R, Pérez-Victoria 

I, Castanys S, Gamarro F, Pérez-Victoria JM. 2011. A new ATP-binding 
cassette protein is involved in intracellular haem trafficking in Leishmania. Mol 
Microbiol 79:1430–44. 

 
145.  Thakur AK, Bimal S, Singh SK, Gupta AK, Das VNR, Das P, Narayan S. 

2013. Degree of anemia correlates with increased utilization of heme by 
Leishmania donovani parasites in visceral leishmaniasis. Exp Parasitol 135:595–8. 

 
146.  Huynh C, Yuan X, Miguel DC, Renberg RL, Protchenko O, Philpott CC, 

Hamza I, Andrews NW. 2012. Heme uptake by Leishmania amazonensis is 
mediated by the transmembrane protein LHR1. PLoS Pathog 8:e1002795. 

 
147.  Renberg RL, Yuan X, Samuel TK, Miguel DC, Hamza I, Andrews NW, 

Flannery AR. 2015. The Heme Transport Capacity of LHR1 Determines the 
Extent of Virulence in Leishmania amazonensis. PLoS Negl Trop Dis 9:e0003804. 

 
148.  Flannery AR, Renberg RL, Andrews NW. 2013. Pathways of iron acquisition 

and utilization in Leishmania. Curr Opin Microbiol 16:716–21. 
 
149.  Cupello MP, Souza CF de, Buchensky C, Soares JBRC, Laranja GAT, Coelho 

MGP, Cricco JA, Paes MC. 2011. The heme uptake process in Trypanosoma 
cruzi epimastigotes is inhibited by heme analogues and by inhibitors of ABC 
transporters. Acta Trop 120:211–8. 

 
150.  Miller LH, Ackerman HC, Su X, Wellems TE. 2013. Malaria biology and 

disease pathogenesis: insights for new treatments. Nat Med 19:156–67. 
 
151.  Prentice AM, Cox SE. 2012. Iron and malaria interactions: research needs from 

basic science to global policy. Adv Nutr 3:583–91. 
 
152.  Elliott DA, McIntosh MT, Hosgood HD, Chen S, Zhang G, Baevova P, Joiner 



71 

 

KA. 2008. Four distinct pathways of hemoglobin uptake in the malaria parasite 
Plasmodium falciparum. Proc Natl Acad Sci U S A 105:2463–8. 

 
153.  Langreth SG, Jensen JB, Reese RT, Trager W. 1978. Fine structure of human 

malaria in vitro. J Protozool 25:443–52. 
 
154.  Francis SE, Sullivan DJ, Goldberg DE. 1997. Hemoglobin metabolism in the 

malaria parasite Plasmodium falciparum. Annu Rev Microbiol 51:97–123. 
 
155.  Goldberg DE, Slater AF, Cerami A, Henderson GB. 1990. Hemoglobin 

degradation in the malaria parasite Plasmodium falciparum: an ordered process in 
a unique organelle. Proc Natl Acad Sci U S A 87:2931–5. 

 
156.  Gluzman IY, Francis SE, Oksman A, Smith CE, Duffin KL, Goldberg DE. 

1994. Order and specificity of the Plasmodium falciparum hemoglobin 
degradation pathway. J Clin Invest 93:1602–8. 

 
157.  Skinner-Adams TS, Stack CM, Trenholme KR, Brown CL, Grembecka J, 

Lowther J, Mucha A, Drag M, Kafarski P, McGowan S, Whisstock JC, 
Gardiner DL, Dalton JP. 2010. Plasmodium falciparum neutral aminopeptidases: 
new targets for anti-malarials. Trends Biochem Sci 35:53–61. 

 
158.  Sherman IW. 1977. Amino acid metabolism and protein synthesis in malarial 

parasites. Bull World Health Organ 55:265–76. 
 
159.  Chugh M, Sundararaman V, Kumar S, Reddy VS, Siddiqui WA, Stuart KD, 

Malhotra P. 2013. Protein complex directs hemoglobin-to-hemozoin formation in 
Plasmodium falciparum. Proc Natl Acad Sci U S A 110:5392–7. 

 
160.  Slater AF, Swiggard WJ, Orton BR, Flitter WD, Goldberg DE, Cerami A, 

Henderson GB. 1991. An iron-carboxylate bond links the heme units of malaria 
pigment. Proc Natl Acad Sci U S A 88:325–9. 

 
161.  Pagola S, Stephens PW, Bohle DS, Kosar AD, Madsen SK. 2000. The structure 

of malaria pigment beta-haematin. Nature 404:307–10. 
 
162.  Rosenthal PJ, Wollish WS, Palmer JT, Rasnick D. 1991. Antimalarial effects of 

peptide inhibitors of a Plasmodium falciparum cysteine proteinase. J Clin Invest 
88:1467–72. 

 
163.  Francis SE, Gluzman IY, Oksman A, Knickerbocker A, Mueller R, Bryant 

ML, Sherman DR, Russell DG, Goldberg DE. 1994. Molecular characterization 
and inhibition of a Plasmodium falciparum aspartic hemoglobinase. EMBO J 
13:306–17. 

 
164.  Ziegler J, Linck R, Wright DW. 2001. Heme Aggregation inhibitors: 



72 

 

antimalarial drugs targeting an essential biomineralization process. Curr Med 
Chem 8:171–89. 

 
165.  Hänscheid T, Egan TJ, Grobusch MP. 2007. Haemozoin: from melatonin 

pigment to drug target, diagnostic tool, and immune modulator. Lancet Infect Dis 
7:675–85. 

 
166.  Edington GM. 1967. Pathology of malaria in West Africa. Br Med J 1:715–8. 
 
167.  Hotez PJ, Bethony JM, Diemert DJ, Pearson M, Loukas A. 2011. Developing 

Vaccines to Combat Hookworm Infection and Intestinal Schistosomiasis. National 
Academies Press (US). 

 
168.  Smith JL, Brooker S. 2010. Impact of hookworm infection and deworming on 

anaemia in non-pregnant populations: a systematic review. Trop Med Int Health 
15:776–95. 

 
169.  Pearson MS. 2012. Molecular mechanisms of hookworm disease: Stealth, 

virulence, and vaccines. J Allergy Clin Immunol 130:13 – 21. 
 
170.  Bowman DD, Montgomery SP, Zajac AM, Eberhard ML, Kazacos KR. 2010. 

Hookworms of dogs and cats as agents of cutaneous larva migrans. Trends 
Parasitol 26:162–7. 

 
171.  Hotez PJ, Brooker S, Bethony JM, Bottazzi ME, Loukas A, Xiao S. 2004. 

Hookworm infection. N Engl J Med 351:799–807. 
 
172.  Hoagland KE, Schad GA. 1978. Necator americanus and Ancylostoma 

duodenale: life history parameters and epidemiological implications of two 
sympatric hookworms of humans. Exp Parasitol 44:36–49. 

 
173.  Stassens P, Bergum PW, Gansemans Y, Jespers L, Laroche Y, Huang S, Maki 

S, Messens J, Lauwereys M, Cappello M, Hotez PJ, Lasters I, Vlasuk GP. 
1996. Anticoagulant repertoire of the hookworm Ancylostoma caninum. Proc Natl 
Acad Sci U S A 93:2149–54. 

 
174.  Don TA, Jones MK, Smyth D, O’Donoghue P, Hotez P, Loukas A. 2004. A 

pore-forming haemolysin from the hookworm, Ancylostoma caninum. Int J 
Parasitol 34:1029–35. 

 
175.  Ranjit N, Zhan B, Hamilton B, Stenzel D, Lowther J, Pearson M, Gorman J, 

Hotez P, Loukas A. 2009. Proteolytic degradation of hemoglobin in the intestine 
of the human hookworm Necator americanus. J Infect Dis 199:904–12. 

 
176.  Williamson AL, Lecchi P, Turk BE, Choe Y, Hotez PJ, McKerrow JH, 

Cantley LC, Sajid M, Craik CS, Loukas A. 2004. A multi-enzyme cascade of 



73 

 

hemoglobin proteolysis in the intestine of blood-feeding hookworms. J Biol Chem 
279:35950–7. 

 
177.  Zhan B, Liu S, Perally S, Xue J, Fujiwara R, Brophy P, Xiao S, Liu Y, Feng J, 

Williamson A, Wang Y, Bueno LL, Mendez S, Goud G, Bethony JM, Hawdon 
JM, Loukas A, Jones K, Hotez PJ. 2005. Biochemical characterization and 
vaccine potential of a heme-binding glutathione transferase from the adult 
hookworm Ancylostoma caninum. Infect Immun 73:6903–11. 

 
178.  Zhan B, Perally S, Brophy PM, Xue J, Goud G, Liu S, Deumic V, de Oliveira 

LM, Bethony J, Bottazzi ME, Jiang D, Gillespie P, Xiao S-H, Gupta R, 
Loukas A, Ranjit N, Lustigman S, Oksov Y, Hotez P. 2010. Molecular cloning, 
biochemical characterization, and partial protective immunity of the heme-binding 
glutathione S-transferases from the human hookworm Necator americanus. Infect 
Immun 78:1552–63. 

 
179.  Kelleher A, Zhan B, Asojo OA. 2013. Structure of monomeric Na-GST-3, a 

glutathione S-transferase from the major human hookworm parasite Necator 
americanus. Acta Crystallogr Sect F Struct Biol Cryst Commun 69:839–43. 

 
180.  Asojo OA, Ceccarelli C. 2014. Structure of glutathione S-transferase 1 from the 

major human hookworm parasite Necator americanus (Na-GST-1) in complex 
with glutathione. Acta Crystallogr Sect F, Struct Biol Commun 70:1162–6. 

 
181.  Xiao S, Zhan B, Xue J, Goud GN, Loukas A, Liu Y, Williamson A, Liu S, 

Deumic V, Hotez P. 2008. The evaluation of recombinant hookworm antigens as 
vaccines in hamsters (Mesocricetus auratus) challenged with human hookworm, 
Necator americanus. Exp Parasitol 118:32–40. 

 
182.  Bullen JJ. 1981. The significance of iron in infection. Rev Infect Dis 3:1127–38. 
 
183.  Sheldon JR, Laakso HA, Heinrichs DE. 2016. Iron Acquisition Strategies of 

Bacterial Pathogens. Microbiol Spectr 4. 
 
184.  Nikaido H. 2003. Molecular basis of bacterial outer membrane permeability 

revisited. Microbiol Mol Biol Rev 67:593–656. 
 
185.  Krewulak KD, Vogel HJ. 2008. Structural biology of bacterial iron uptake. 

Biochim Biophys Acta 1778:1781–804. 
 
186.  Bradbeer C. 1993. The proton motive force drives the outer membrane transport 

of cobalamin in Escherichia coli. J Bacteriol 175:3146–50. 
 
187.  Noinaj N, Guillier M, Barnard TJ, Buchanan SK. 2010. TonB-dependent 

transporters: regulation, structure, and function. Annu Rev Microbiol 64:43–60. 
 



74 

 

188.  Chu BCH, Vogel HJ. 2011. A structural and functional analysis of type III 
periplasmic and substrate binding proteins: their role in bacterial siderophore and 
heme transport. Biol Chem 392:39–52. 

 
189.  Locher KP, Lee AT, Rees DC. 2002. The E. coli BtuCD structure: a framework 

for ABC transporter architecture and mechanism. Science 296:1091–8. 
 
190.  Locher KP. 2009. Structure and mechanism of ATP-binding cassette transporters. 

Philos Trans R Soc Lond B Biol Sci 364:239–45. 
 
191.  Sheldon JR, Heinrichs DE. 2015. Recent developments in understanding the iron 

acquisition strategies of gram positive pathogens. FEMS Microbiol Rev 39:592–
630. 

 
192.  Hantke K. 1987. Ferrous iron transport mutants in Escherichia coli K12. FEMS 

Microbiol Lett 44:53–57. 
 
193.  Kammler M, Schön C, Hantke K. 1993. Characterization of the ferrous iron 

uptake system of Escherichia coli. J Bacteriol 175:6212–9. 
 
194.  Marlovits TC, Haase W, Herrmann C, Aller SG, Unger VM. 2002. The 

membrane protein FeoB contains an intramolecular G protein essential for Fe(II) 
uptake in bacteria. Proc Natl Acad Sci U S A 99:16243–8. 

 
195.  Kim H, Lee H, Shin D. 2012. The FeoA protein is necessary for the FeoB 

transporter to import ferrous iron. Biochem Biophys Res Commun 423:733–8. 
 
196.  Hung K-W, Tsai J-Y, Juan T-H, Hsu Y-L, Hsiao C-D, Huang T-H. 2012. 

Crystal structure of the Klebsiella pneumoniae NFeoB/FeoC complex and roles of 
FeoC in regulation of Fe2+ transport by the bacterial Feo system. J Bacteriol 
194:6518–26. 

 
197.  Kim H, Lee H, Shin D. 2013. The FeoC protein leads to high cellular levels of the 

Fe(II) transporter FeoB by preventing FtsH protease regulation of FeoB in 
Salmonella enterica. J Bacteriol 195:3364–70. 

 
198.  Kim H, Lee H, Shin D. 2015. Lon-mediated proteolysis of the FeoC protein 

prevents Salmonella enterica from accumulating the Fe(II) transporter FeoB under 
high-oxygen conditions. J Bacteriol 197:92–8. 

 
199.  Cockayne A, Hill PJ, Powell NB, Bishop K, Sims C, Williams P. 1998. 

Molecular cloning of a 32-kilodalton lipoprotein component of a novel iron-
regulated Staphylococcus epidermidis ABC transporter. Infect Immun 66:3767–74. 

 
200.  Hill PJ, Cockayne A, Landers P, Morrissey JA, Sims CM, Williams P. 1998. 

SirR, a novel iron-dependent repressor in Staphylococcus epidermidis. Infect 



75 

 

Immun 66:4123–9. 
 
201.  Massonet C, Pintens V, Merckx R, Anné J, Lammertyn E, Van Eldere J. 

2006. Effect of iron on the expression of sirR and sitABC in biofilm-associated 
Staphylococcus epidermidis. BMC Microbiol 6:103. 

 
202.  Williams P, Denyer SP, Finch RG. 1988. Protein antigens of Staphylococcus 

epidermidis grown under iron-restricted conditions in human peritoneal dialysate. 
FEMS Microbiol Lett 50:29–33. 

 
203.  Smith DG, Wilcox MH, Williams P, Finch RG, Denyer SP. 1991. 

Characterization of cell envelope proteins of Staphylococcus epidermidis cultured 
in human peritoneal dialysate. Infect Immun 59:617–24. 

 
204.  Wilcox MH, Williams P, Smith DG, Modun B, Finch RG, Denyer SP. 1991. 

Variation in the expression of cell envelope proteins of coagulase-negative 
staphylococci cultured under iron-restricted conditions in human peritoneal 
dialysate. J Gen Microbiol 137:2561–70. 

 
205.  Horsburgh MJ, Wharton SJ, Cox AG, Ingham E, Peacock S, Foster SJ. 2002. 

MntR modulates expression of the PerR regulon and superoxide resistance in 
Staphylococcus aureus through control of manganese uptake. Mol Microbiol 
44:1269–86. 

 
206.  Hanks TS, Liu M, McClure MJ, Fukumura M, Duffy A, Lei B. 2006. 

Differential regulation of iron- and manganese-specific MtsABC and heme-
specific HtsABC transporters by the metalloregulator MtsR of group A 
Streptococcus. Infect Immun 74:5132–9. 

 
207.  Janulczyk R, Pallon J, Björck L. 1999. Identification and characterization of a 

Streptococcus pyogenes ABC transporter with multiple specificity for metal 
cations. Mol Microbiol 34:596–606. 

 
208.  Sun X, Ge R, Chiu J-F, Sun H, He Q-Y. 2008. Lipoprotein MtsA of MtsABC in 

Streptococcus pyogenes primarily binds ferrous ion with bicarbonate as a 
synergistic anion. FEBS Lett 582:1351–4. 

 
209.  Kehres DG, Janakiraman A, Slauch JM, Maguire ME. 2002. SitABCD is the 

alkaline Mn(2+) transporter of Salmonella enterica serovar Typhimurium. J 
Bacteriol 184:3159–66. 

 
210.  Ikeda JS, Janakiraman A, Kehres DG, Maguire ME, Slauch JM. 2005. 

Transcriptional regulation of sitABCD of Salmonella enterica serovar 
Typhimurium by MntR and Fur. J Bacteriol 187:912–22. 

 
211.  Runyen-Janecky LJ, Reeves SA, Gonzales EG, Payne SM. 2003. Contribution 



76 

 

of the Shigella flexneri Sit, Iuc, and Feo iron acquisition systems to iron 
acquisition in vitro and in cultured cells. Infect Immun 71:1919–28. 

 
212.  Sabri M, Caza M, Proulx J, Lymberopoulos MH, Brée A, Moulin-Schouleur 

M, Curtiss R, Dozois CM. 2008. Contribution of the SitABCD, MntH, and FeoB 
metal transporters to the virulence of avian pathogenic Escherichia coli O78 strain 
chi7122. Infect Immun 76:601–11. 

 
213.  Runyen-Janecky L, Dazenski E, Hawkins S, Warner L. 2006. Role and 

regulation of the Shigella flexneri sit and MntH systems. Infect Immun 74:4666–
72. 

 
214.  Wyckoff EE, Boulette ML, Payne SM. 2009. Genetics and environmental 

regulation of Shigella iron transport systems. Biometals 22:43–51. 
 
215.  Perry RD, Bobrov AG, Fetherston JD. 2015. The role of transition metal 

transporters for iron, zinc, manganese, and copper in the pathogenesis of Yersinia 
pestis. Metallomics 7:965–78. 

 
216.  Vartivarian SE, Cowart RE. 1999. Extracellular iron reductases: identification of 

a new class of enzymes by siderophore-producing microorganisms. Arch Biochem 
Biophys 364:75–82. 

 
217.  Raza W, Shen Q. 2010. Growth, Fe3+ reductase activity, and siderophore 

production by Paenibacillus polymyxa SQR-21 under differential iron conditions. 
Curr Microbiol 61:390–5. 

 
218.  Scott D, Chan EC, Siboo R. 1996. Iron acquisition by oral hemolytic spirochetes: 

isolation of a hemin-binding protein and identification of iron reductase activity. 
Can J Microbiol 42:1072–9. 

 
219.  Johnson W, Varner L, Poch M. 1991. Acquisition of iron by Legionella 

pneumophila: role of iron reductase. Infect Immun 59:2376–81. 
 
220.  Deneer HG, Healey V, Boychuk I. 1995. Reduction of exogenous ferric iron by a 

surface-associated ferric reductase of Listeria spp. Microbiology 141 ( Pt 8:1985–
92. 

 
221.  Grosse C, Scherer J, Koch D, Otto M, Taudte N, Grass G. 2006. A new ferrous 

iron-uptake transporter, EfeU (YcdN), from Escherichia coli. Mol Microbiol 
62:120–31. 

 
222.  Cao J, Woodhall MR, Alvarez J, Cartron ML, Andrews SC. 2007. EfeUOB 

(YcdNOB) is a tripartite, acid-induced and CpxAR-regulated, low-pH Fe2+ 
transporter that is cryptic in Escherichia coli K-12 but functional in E. coli 
O157:H7. Mol Microbiol 65:857–75. 



77 

 

 
223.  Rajasekaran MB, Nilapwar S, Andrews SC, Watson KA. 2010. EfeO-

cupredoxins: major new members of the cupredoxin superfamily with roles in 
bacterial iron transport. Biometals 23:1–17. 

 
224.  Liu X, Du Q, Wang Z, Zhu D, Huang Y, Li N, Wei T, Xu S, Gu L. 2011. 

Crystal structure and biochemical features of EfeB/YcdB from Escherichia coli 
O157: ASP235 plays divergent roles in different enzyme-catalyzed processes. J 
Biol Chem 286:14922–31. 

 
225.  Sturm A, Schierhorn A, Lindenstrauss U, Lilie H, Brüser T. 2006. YcdB from 

Escherichia coli reveals a novel class of Tat-dependently translocated 
hemoproteins. J Biol Chem 281:13972–8. 

 
226.  Miethke M, Monteferrante CG, Marahiel MA, van Dijl JM. 2013. The Bacillus 

subtilis EfeUOB transporter is essential for high-affinity acquisition of ferrous and 
ferric iron. Biochim Biophys Acta 1833:2267–78. 

 
227.  Tiwari KB, Birlingmair J, Wilkinson BJ, Jayaswal RK. 2015. Role of the twin-

arginine translocase (tat) system in iron uptake in Listeria monocytogenes. 
Microbiology 161:264–71. 

 
228.  Turlin E, Débarbouillé M, Augustyniak K, Gilles A-M, Wandersman C. 2013. 

Staphylococcus aureus FepA and FepB proteins drive heme iron utilization in 
Escherichia coli. PLoS One 8:e56529. 

 
229.  Létoffé S, Heuck G, Delepelaire P, Lange N, Wandersman C. 2009. Bacteria 

capture iron from heme by keeping tetrapyrrol skeleton intact. Proc Natl Acad Sci 
U S A 106:11719–11724. 

 
230.  Dailey HA, Septer AN, Daugherty L, Thames D, Gerdes S, Stabb E V, Dunn 

AK, Dailey TA, Phillips JD. 2011. The Escherichia coli protein YfeX functions 
as a porphyrinogen oxidase, not a heme dechelatase. MBio 2:e00248–11. 

 
231.  Schryvers AB, Morris LJ. 1988. Identification and characterization of the 

transferrin receptor from Neisseria meningitidis. Mol Microbiol 2:281–8. 
 
232.  Cornelissen CN, Kelley M, Hobbs MM, Anderson JE, Cannon JG, Cohen MS, 

Sparling PF. 1998. The transferrin receptor expressed by gonococcal strain 
FA1090 is required for the experimental infection of human male volunteers. Mol 
Microbiol 27:611–6. 

 
233.  Boulton IC, Gorringe AR, Shergill JK, Joannou CL, Evans RW. 1999. A 

dynamic model of the meningococcal transferrin receptor. J Theor Biol 198:497–
505. 

 



78 

 

234.  Noinaj N, Buchanan SK, Cornelissen CN. 2012. The transferrin-iron import 
system from pathogenic Neisseria species. Mol Microbiol 86:246–57. 

 
235.  Gray-Owen SD, Schryvers AB. 1996. Bacterial transferrin and lactoferrin 

receptors. Trends Microbiol 4:185–91. 
 
236.  Noinaj N, Easley NC, Oke M, Mizuno N, Gumbart J, Boura E, Steere AN, 

Zak O, Aisen P, Tajkhorshid E, Evans RW, Gorringe AR, Mason AB, Steven 
AC, Buchanan SK. 2012. Structural basis for iron piracy by pathogenic Neisseria. 
Nature 483:53–8. 

 
237.  Noinaj N, Cornelissen CN, Buchanan SK. 2013. Structural insight into the 

lactoferrin receptors from pathogenic Neisseria. J Struct Biol 184:83–92. 
 
238.  Ekins A, Khan AG, Shouldice SR, Schryvers AB. 2004. Lactoferrin receptors in 

gram-negative bacteria: insights into the iron acquisition process. Biometals 
17:235–43. 

 
239.  Guo M, Harvey I, Yang W, Coghill L, Campopiano DJ, Parkinson JA, 

MacGillivray RTA, Harris WR, Sadler PJ. 2003. Synergistic anion and metal 
binding to the ferric ion-binding protein from Neisseria gonorrhoeae. J Biol Chem 
278:2490–502. 

 
240.  Luke NR, Campagnari AA. 1999. Construction and characterization of 

Moraxella catarrhalis mutants defective in expression of transferrin receptors. 
Infect Immun 67:5815–9. 

 
241.  Gray-Owen SD, Loosmore S, Schryvers AB. 1995. Identification and 

characterization of genes encoding the human transferrin-binding proteins from 
Haemophilus influenzae. Infect Immun 63:1201–10. 

 
242.  Cornelissen CN. 2003. Transferrin-iron uptake by Gram-negative bacteria. Front 

Biosci 8:d836–47. 
 
243.  Carrano CJ, Raymond KN. 1979. Ferric ion sequestering agents. 2. Kinetics and 

mechanism of iron removal from transferrin by enterobactin and synthetic 
tricatechols. J Am Chem Soc 101:5401–5404. 

 
244.  Baker HM, Baker EN. 2004. Lactoferrin and iron: structural and dynamic aspects 

of binding and release. Biometals 17:209–16. 
 
245.  Crosa JH, Walsh CT. 2002. Genetics and assembly line enzymology of 

siderophore biosynthesis in bacteria. Microbiol Mol Biol Rev 66:223–49. 
 
246.  Schofield CJ, Baldwin JE, Byford MF, Clifton I, Hajdu J, Hensgens C, Roach 

P. 1997. Proteins of the penicillin biosynthesis pathway. Curr Opin Struct Biol 



79 

 

7:857–64. 
 
247.  Recktenwald J, Shawky R, Puk O, Pfennig F, Keller U, Wohlleben W, Pelzer 

S. 2002. Nonribosomal biosynthesis of vancomycin-type antibiotics: a 
heptapeptide backbone and eight peptide synthetase modules. Microbiology 
148:1105–18. 

 
248.  Miller BR, Gulick AM. 2016. Structural Biology of Nonribosomal Peptide 

Synthetases. Methods Mol Biol 1401:3–29. 
 
249.  Liu J, Quinn N, Berchtold GA, Walsh CT. 1990. Overexpression, purification 

and characterization of isochorismate synthase (EntC), the first enzyme involved 
in the biosynthesis of enterobactin from chorismate. Biochemistry 29:1417–1425. 

 
250.  Rusnak F, Liu J, Quinn N, Berchtold GA, Walsh CT. 1990. Subcloning of the 

enterobactin biosynthetic gene entB: expression, purification, characterization and 
substrate specificity of isochorismatase. Biochemistry 29:1425–1435. 

 
251.  Sakaitani M, Rusnak F, Quinn NR, Tu C, Frigo TB, Berchtold GA, Walsh 

CT. 1990. Mechanistic studies on trans-2,3-dihydro-2,3-dihydroxybenzoate 
dehydrogenase (Ent A) in the biosynthesis of the iron chelator enterobactin. 
Biochemistry 29:6789–6798. 

 
252.  Shaw-Reid CA, Kelleher NL, Losey HC, Gehring AM, Berg C, Walsh CT. 

1999. Assembly line enzymology by multimodular nonribosomal peptide 
synthetases: the thioesterase domain of E. coli EntF catalyzes both elongation and 
cyclolactonization. Chem Biol 6:385–400. 

 
253.  Lee JY, Janes BK, Passalacqua KD, Pfleger BF, Bergman NH, Liu H, 

H??kansson K, Somu R V., Aldrich CC, Cendrowski S, Hanna PC, Sherman 
DH. 2007. Biosynthetic analysis of the petrobactin siderophore pathway from 
Bacillus anthracis. J Bacteriol 189:1698–1710. 

 
254.  Oves-Costales D, Kadi N, Challis GL. 2009. The long-overlooked enzymology 

of a nonribosomal peptide synthetase-independent pathway for virulence-
conferring siderophore biosynthesis. Chem Commun (Camb) 6530–41. 

 
255.  De Lorenzo V, Bindereif A, Paw BH, Neilands JB. 1986. Aerobactin 

biosynthesis and transport genes of plasmid colV-K30 in Escherichia coli K-12. J 
Bacteriol 165:570–578. 

 
256.  Challis GL. 2005. A Widely Distributed Bacterial Pathway for Siderophore 

Biosynthesis Independent of Nonribosomal Peptide Synthetases. ChemBioChem 
6:601–611. 

 
257.  Tanabe T, Funahashi T, Nakao H, Miyoshi SI, Shinoda S, Yamamoto S. 2003. 



80 

 

Identification and Characterization of Genes Required for Biosynthesis and 
Transport of the Siderophore Vibrioferrin in Vibrio parahaemolyticus. J Bacteriol 
185:6938–6949. 

 
258.  Lynch D, O’Brien J, Welch T, Clarke P, Cuív PO, Crosa JH, O’Connell M. 

2001. Genetic organization of the region encoding regulation, biosynthesis, and 
transport of rhizobactin 1021, a siderophore produced by Sinorhizobium meliloti. J 
Bacteriol 183:2576–2585. 

 
259.  Kang HY, Brickman TJ, Beaumont FC, Armstrong SK. 1996. Identification 

and characterization of iron-regulated Bordetella pertussis alcaligin siderophore 
biosynthesis genes. J Bacteriol 178:4877–4884. 

 
260.  Barona-Gómez F, Wong U, Giannakopulos AE, Derrick PJ, Challis GL. 2004. 

Identification of a cluster of genes that directs desferrioxamine biosynthesis in 
Streptomyces coelicolor M145. J Am Chem Soc 126:16282–16283. 

 
261.  Carrano CJ, Raymond KN. 1978. Coordination chemistry of microbial iron 

transport compounds: Rhodotorulic acid and iron uptake in Rhodotorula 
pilimanae. J Bacteriol 136:69–74. 

 
262.  Klumpp C, Burger A, Mislin GL, Abdallah MA. 2005. From a total synthesis of 

cepabactin and its 3:1 ferric complex to the isolation of a 1:1:1 mixed complex 
between iron (III), cepabactin and pyochelin. Bioorg Med Chem Lett 15:1721–4. 

 
263.  Tseng C-F, Burger A, Mislin GLA, Schalk IJ, Yu SS-F, Chan SI, Abdallah 

MA. 2006. Bacterial siderophores: the solution stoichiometry and coordination of 
the Fe(III) complexes of pyochelin and related compounds. J Biol Inorg Chem 
11:419–32. 

 
264.  Shah S, Karkhanis V, Desai A. 1992. Isolation and characterization of 

siderophore, with antimicrobial activity, from Azospirillum lipoferum M. Curr 
Microbiol 25:347–351. 

 
265.  Lopez-Goni I, Moriyon I, Neilands JB. 1992. Identification of 2,3-

dihydroxybenzoic acid as a Brucella abortus siderophore. Infect Immun 60:4496–
4503. 

 
266.  Devireddy LR, Hart DO, Goetz DH, Green MR. 2010. A mammalian 

siderophore synthesized by an enzyme with a bacterial homolog involved in 
enterobactin production. Cell 141:1006–17. 

 
267.  Liu Z, Reba S, Chen W-D, Porwal SK, Boom WH, Petersen RB, Rojas R, 

Viswanathan R, Devireddy L. 2014. Regulation of mammalian siderophore 2,5-
DHBA in the innate immune response to infection. J Exp Med 211:1197–213. 

 



81 

 

268.  Sandrini SM, Shergill R, Woodward J, Muralikuttan R, Haigh RD, Lyte M, 
Freestone PP. 2009. Elucidation of the mechanism by which catecholamine stress 
hormones liberate iron from the innate immune defense proteins transferrin and 
lactoferrin. J Bacteriol 192:587–594. 

 
269.  Methner U, Rabsch W, Reissbrodt R, Williams PH. 2008. Effect of 

norepinephrine on colonisation and systemic spread of Salmonella enterica in 
infected animals: role of catecholate siderophore precursors and degradation 
products. Int J Med Microbiol 298:429–39. 

 
270.  Freestone PP, Lyte M, Neal CP, Maggs AF, Haigh RD, Williams PH. 2000. 

The mammalian neuroendocrine hormone norepinephrine supplies iron for 
bacterial growth in the presence of transferrin or lactoferrin. J Bacteriol 182:6091–
8. 

 
271.  Beasley FC, Marolda CL, Cheung J, Buac S, Heinrichs DE. 2011. 

Staphylococcus aureus transporters Hts, Sir, and Sst capture iron liberated from 
human transferrin by staphyloferrin A, staphyloferrin B, and catecholamine stress 
hormones, respectively, and contribute to virulence. Infect Immun 79:2345–2355. 

 
272.  Haas H. 2003. Molecular genetics of fungal siderophore biosynthesis and uptake: 

the role of siderophores in iron uptake and storage. Appl Microbiol Biotechnol 
62:316–330. 

 
273.  Beasley FC, Vinés ED, Grigg JC, Zheng Q, Liu S, Lajoie GA, Murphy MEP, 

Heinrichs DE. 2009. Characterization of staphyloferrin A biosynthetic and 
transport mutants in Staphylococcus aureus. Mol Microbiol 72:947–963. 

 
274.  Münzinger M, Budzikiewicz H, Expert D, Enard C, Meyer JM. 2000. 

Achromobactin, a new citrate siderophore of Erwinia chrysanthemi. Zeitschrift fur 
Naturforsch - Sect C J Biosci 55:328–332. 

 
275.  Harris WR, Carrano CJ, Raymond KN. 1979. Coordination chemistry of 

microbial iron transport compounds. 16. Isolation, characterization, and formation 
constants of ferric aerobactin. J Am Chem Soc 101:2722–2727. 

 
276.  Raymond KN, Carrano CJ. 1979. Coordination chemistry and microbial iron 

transport. Acc Chem Res 12:183–190. 
 
277.  Annamalai R, Jin B, Cao Z, Newton SMC, Klebba PE. 2004. Recognition of 

ferric catecholates by FepA. J Bacteriol 186:3578–89. 
 
278.  Fecker L, Braun V. 1983. Cloning and expression of the fhu genes involved in 

iron(III)-hydroxamate uptake by Escherichia coli. J Bacteriol 156:1301–1314. 
 
279.  Koster W, Braun V. 1990. Iron(III) hydroxamate transport into Escherichia coli. 



82 

 

Substrate binding to the periplasmic FhuD protein. J Biol Chem 265:21407–21410. 
 
280.  Sebulsky MT, Hohnstein D, Hunter MD, Heinrichs DE. 2000. Identification 

and characterization of a membrane permease involved in iron-hydroxamate 
transport in Staphylococcus aureus. J Bacteriol 182:4394–4400. 

 
281.  Sebulsky MT, Speziali CD, Shilton BH, Edgell DR, Heinrichs DE. 2004. 

FhuD1, a ferric hydroxamate-binding lipoprotein in Staphylococcus aureus: a case 
of gene duplication and lateral transfer. J Biol Chem 279:53152–53159. 

 
282.  Speziali CD, Dale SE, Henderson JA, Vinés ED, Heinrichs DE. 2006. 

Requirement of Staphylococcus aureus ATP-binding cassette-ATPase FhuC for 
iron-restricted growth and evidence that it functions with more than one iron 
transporter. J Bacteriol 188:2048–2055. 

 
283.  Sebulsky MT, Heinrichs DE. 2001. Identification and characterization of fhuD1 

and fhuD2, two genes involved in iron-hydroxamate uptake in Staphylococcus 
aureus. J Bacteriol 183:4994–5000. 

 
284.  Arifin AJ, Hannauer M, Welch I, Heinrichs DE. 2014. Deferoxamine mesylate 

enhances virulence of community-associated methicillin resistant Staphylococcus 
aureusMicrobes and Infection. 

 
285.  Cooper SR, McArdle J V, Raymond KN. 1978. Siderophore electrochemistry: 

relation to intracellular iron release mechanism. Proc Natl Acad Sci U S A 
75:3551–4. 

 
286.  Brickman TJ, McIntosh MA. 1992. Overexpression and purification of ferric 

enterobactin esterase from Escherichia coli. Demonstration of enzymatic 
hydrolysis of enterobactin and its iron complex. J Biol Chem 267:12350–5. 

 
287.  Matzanke BF, Anemüller S, Schünemann V, Trautwein AX, Hantke K. 2004. 

FhuF, part of a siderophore-reductase system. Biochemistry 43:1386–92. 
 
288.  Miethke M, Hou J, Marahiel MA. 2011. The Siderophore-Interacting Protein 

YqjH Acts as a Ferric Reductase in Different Iron Assimilation Pathways of 
Escherichia coli. Biochemistry 50:10951–10964. 

 
289.  Loutet SA, Kobylarz MJ, Chau CHT, Murphy MEP. 2013. IruO Is a Reductase 

for Heme Degradation by IsdI and IsdG Proteins in Staphylococcus aureus. J Biol 
Chem 288:25749–25759. 

 
290.  Hannauer M, Arifin AJ, Heinrichs DE. 2015. Involvement of reductases IruO 

and NtrA in iron acquisition by Staphylococcus aureus. Mol Microbiol 96:1192–
1210. 

 



83 

 

291.  Flo TH, Smith KD, Sato S, Rodriguez DJ, Holmes MA, Strong RK, Akira S, 
Aderem A. 2004. Lipocalin 2 mediates an innate immune response to bacterial 
infection by sequestrating iron. Nature 432:917–21. 

 
292.  Van Maele L, Carnoy C, Cayet D, Songhet P, Dumoutier L, Ferrero I, Janot 

L, Erard F, Bertout J, Leger H, Sebbane F, Benecke A, Renauld J-C, Hardt 
W-D, Ryffel B, Sirard J-C. 2010. TLR5 signaling stimulates the innate 
production of IL-17 and IL-22 by CD3(neg)CD127+ immune cells in spleen and 
mucosa. J Immunol 185:1177–85. 

 
293.  Goetz DH, Holmes MA, Borregaard N, Bluhm ME, Raymond KN, Strong 

RK. 2002. The Neutrophil Lipocalin NGAL Is a Bacteriostatic Agent that 
Interferes with Siderophore-Mediated Iron Acquisition. Mol Cell 10:1033–1043. 

 
294.  Goetz DH, Willie ST, Armen RS, Bratt T, Borregaard N, Strong RK. 2000. 

Ligand preference inferred from the structure of neutrophil gelatinase associated 
lipocalin. Biochemistry 39:1935–41. 

 
295.  Holmes MA, Paulsene W, Jide X, Ratledge C, Strong RK. 2005. Siderocalin 

(Lcn 2) also binds carboxymycobactins, potentially defending against 
mycobacterial infections through iron sequestration. Structure 13:29–41. 

 
296.  Newton SM, Igo JD, Scott DC, Klebba PE. 1999. Effect of loop deletions on the 

binding and transport of ferric enterobactin by FepA. Mol Microbiol 32:1153–65. 
 
297.  Miethke M, Skerra A. 2010. Neutrophil gelatinase-associated lipocalin expresses 

antimicrobial activity by interfering with L-norepinephrine-mediated bacterial iron 
acquisition. Antimicrob Agents Chemother 54:1580–9. 

 
298.  Fischbach MA, Lin H, Zhou L, Yu Y, Abergel RJ, Liu DR, Raymond KN, 

Wanner BL, Strong RK, Walsh CT, Aderem A, Smith KD. 2006. The 
pathogen-associated iroA gene cluster mediates bacterial evasion of lipocalin 2. 
Proc Natl Acad Sci U S A 103:16502–7. 

 
299.  Fischbach MA, Lin H, Liu DR, Walsh CT. 2005. In vitro characterization of 

IroB, a pathogen-associated C-glycosyltransferase. Proc Natl Acad Sci U S A 
102:571–6. 

 
300.  Bister B, Bischoff D, Nicholson GJ, Valdebenito M, Schneider K, 

Winkelmann G, Hantke K, Süssmuth RD. 2004. The structure of salmochelins: 
C-glucosylated enterobactins of Salmonella enterica. BioMetals 17:471–481. 

 
301.  Carbonetti NH, Boonchai S, Parry SH, Väisänen-Rhen V, Korhonen TK, 

Williams PH. 1986. Aerobactin-mediated iron uptake by Escherichia coli isolates 
from human extraintestinal infections. Infect Immun 51:966–8. 

 



84 

 

302.  Valdebenito M, Crumbliss AL, Winkelmann G, Hantke K. 2006. 
Environmental factors influence the production of enterobactin, salmochelin, 
aerobactin, and yersiniabactin in Escherichia coli strain Nissle 1917. Int J Med 
Microbiol 296:513–20. 

 
303.  Watts RE, Totsika M, Challinor VL, Mabbett AN, Ulett GC, De Voss JJ, 

Schembri MA. 2012. Contribution of Siderophore Systems to Growth and Urinary 
Tract Colonization of Asymptomatic Bacteriuria Escherichia coli. Infect Immun 
80:333–344. 

 
304.  Wilson MK, Abergel RJ, Raymond KN, Arceneaux JEL, Byers BR. 2006. 

Siderophores of Bacillus anthracis, Bacillus cereus, and Bacillus thuringiensis. 
Biochem Biophys Res Commun 348:320–5. 

 
305.  May JJ, Wendrich TM, Marahiel MA. 2001. The dhb operon of Bacillus subtilis 

encodes the biosynthetic template for the catecholic siderophore 2,3-
dihydroxybenzoate-glycine-threonine trimeric ester bacillibactin. J Biol Chem 
276:7209–17. 

 
306.  Abergel RJ, Wilson MK, Arceneaux JEL, Hoette TM, Strong RK, Byers BR, 

Raymond KN. 2006. Anthrax pathogen evades the mammalian immune system 
through stealth siderophore production. Proc Natl Acad Sci U S A 103:18499–503. 

 
307.  Abergel RJ, Zawadzka AM, Raymond KN. 2008. Petrobactin-Mediated Iron 

Transport in Pathogenic Bacteria: Coordination Chemistry of an Unusual 3,4-
Catecholate/Citrate Siderophore. J Am Chem Soc 130:2124–2125. 

 
308.  Hotta K, Kim C-Y, Fox DT, Koppisch AT. 2010. Siderophore-mediated iron 

acquisition in Bacillus anthracis and related strains. Microbiology 156:1918–25. 
 
309.  Cendrowski S, MacArthur W, Hanna P. 2004. Bacillus anthracis requires 

siderophore biosynthesis for growth in macrophages and mouse virulence. Mol 
Microbiol 51:407–417. 

 
310.  Segond D, Abi Khalil E, Buisson C, Daou N, Kallassy M, Lereclus D, Arosio 

P, Bou-Abdallah F, Nielsen Le Roux C. 2014. Iron acquisition in Bacillus 
cereus: the roles of IlsA and bacillibactin in exogenous ferritin iron mobilization. 
PLoS Pathog 10:e1003935. 

 
311.  Cavalieri SJ, Snyder IS. 1982. Effect of Escherichia coli alpha-hemolysin on 

human peripheral leukocyte function in vitro. Infect Immun 37:966–74. 
 
312.  Gadeberg O V, Orskov I. 1984. In vitro cytotoxic effect of alpha-hemolytic 

Escherichia coli on human blood granulocytes. Infect Immun 45:255–60. 
 
313.  Torres VJ, Attia AS, Mason WJ, Hood MI, Corbin BD, Beasley FC, Anderson 



85 

 

KL, Stauff DL, McDonald WH, Zimmerman LJ, Friedman DB, Heinrichs 
DE, Dunman PM, Skaar EP. 2010. Staphylococcus aureus fur regulates the 
expression of virulence factors that contribute to the pathogenesis of pneumonia. 
Infect Immun 78:1618–28. 

 
314.  Malachowa N, DeLeo FR. 2011. Staphylococcus aureus survival in human blood. 

Virulence 2:567–9. 
 
315.  Stojiljkovic I, Larson J, Hwa V, Anic S, Magdalene SO. 1996. HmbR outer 

membrane receptors of pathogenic Neisseria spp.: Iron- regulated, hemoglobin-
binding proteins with a high level of primary structure conservation. J Bacteriol 
178:4670–4678. 

 
316.  Lewis LA, Gray E, Wang YP, Roe BA, Dyer DW. 1997. Molecular 

characterization of hpuAB, the haemoglobin-haptoglobin-utilization operon of 
Neisseria meningitidis. Mol Microbiol 23:737–749. 

 
317.  Zhu W, Wilks A, Stojiljkovic I. 2000. Degradation of heme in gram-negative 

bacteria: the product of the hemO gene of Neisseriae is a heme oxygenase. J 
Bacteriol 182:6783–90. 

 
318.  Smith AD, Wilks A. 2015. Differential contributions of the outer membrane 

receptors PhuR and HasR to heme acquisition in Pseudomonas aeruginosa. J Biol 
Chem 290:7756–7766. 

 
319.  Choby JE, Skaar EP. 2016. Heme Synthesis and Acquisition in Bacterial 

Pathogens. J Mol Biol. 
 
320.  Létoffé S, Nato F, Goldberg ME, Wandersman C. 1999. Interactions of HasA, a 

bacterial haemophore, with haemoglobin and with its outer membrane receptor 
HasR. Mol Microbiol 33:546–55. 

 
321.  Wandersman C, Delepelaire P. 2004. Bacterial Iron Sources: From Siderophores 

to Hemophores. Annu Rev Microbiol 58:611–647. 
 
322.  Lansky IB, Lukat-Rodgers GS, Block D, Rodgers KR, Ratliff M, Wilks A. 

2006. The cytoplasmic heme-binding protein (PhuS) from the heme uptake system 
of Pseudomonas aeruginosa is an intracellular heme-trafficking protein to the 
delta-regioselective heme oxygenase. J Biol Chem 281:13652–62. 

 
323.  Baelen S, Dewitte F, Clantin B, Villeret V. 2013. Structure of the secretion 

domain of HxuA from Haemophilus influenzae. Acta Crystallogr Sect F Struct 
Biol Cryst Commun 69:1322–7. 

 
324.  Cope LD, Thomas SE, Hrkal Z, Hansen EJ. 1998. Binding of heme-hemopexin 

complexes by soluble HxuA protein allows utilization of this complexed heme by 



86 

 

Haemophilus influenzae. Infect Immun 66:4511–6. 
 
325.  Cope LD, Love RP, Guinn SE, Gilep A, Usanov S, Estabrook RW, Hrkal Z, 

Hansen EJ. 2001. Involvement of HxuC outer membrane protein in utilization of 
hemoglobin by Haemophilus influenzae. Infect Immun 69:2353–63. 

 
326.  Morton DJ, Seale TW, Bakaletz LO, Jurcisek JA, Smith A, VanWagoner TM, 

Whitby PW, Stull TL. 2009. The heme-binding protein (HbpA) of Haemophilus 
influenzae as a virulence determinant. Int J Med Microbiol 299:479–88. 

 
327.  Morton DJ, VanWagoner TM, Seale TW, Whitby PW, Stull TL. 2006. 

Differential utilization by Haemophilus influenzae of haemoglobin complexed to 
the three human haptoglobin phenotypes. FEMS Immunol Med Microbiol 46:426–
32. 

 
328.  Morton DJ, Van Wagoner TM, Seale TW, Whitby PW, Stull TL. 2006. 

Utilization of myoglobin as a heme source by Haemophilus influenzae requires 
binding of myoglobin to haptoglobin. FEMS Microbiol Lett 258:235–40. 

 
329.  Morton DJ, Seale TW, Madore LL, VanWagoner TM, Whitby PW, Stull TL. 

2007. The haem-haemopexin utilization gene cluster (hxuCBA) as a virulence 
factor of Haemophilus influenzae. Microbiology 153:215–24. 

 
330.  Vogel AR, Szelestey BR, Raffel FK, Sharpe SW, Gearinger RL, Justice SS, 

Mason KM. 2012. SapF-mediated heme-iron utilization enhances persistence and 
coordinates biofilm architecture of Haemophilus. Front Cell Infect Microbiol 2:42. 

 
331.  LaCross NC, Marrs CF, Gilsdorf JR. 2014. Otitis media associated 

polymorphisms in the hemin receptor HemR of nontypeable Haemophilus 
influenzae. Infect Genet Evol 26:47–57. 

 
332.  Morton DJ, Smith A, Ren Z, Madore LL, VanWagoner TM, Seale TW, 

Whitby PW, Stull TL. 2004. Identification of a haem-utilization protein (Hup) in 
Haemophilus influenzae. Microbiology 150:3923–33. 

 
333.  Morton DJ, Smith A, VanWagoner TM, Seale TW, Whitby PW, Stull TL. 

2007. Lipoprotein e (P4) of Haemophilus influenzae: role in heme utilization and 
pathogenesis. Microbes Infect 9:932–9. 

 
334.  Marraffini LA, Ton-That H, Zong Y, Narayana SVL, Schneewind O. 2004. 

Anchoring of Surface Proteins to the Cell Wall of Staphylococcus aureus: a 
conserved arginine residue is required for efficient catalysis of sortase A. J Biol 
Chem 279:37763–37770. 

 
335.  Mazmanian SK, Ton-That H, Su K, Schneewind O. 2002. An iron-regulated 

sortase anchors a class of surface protein during Staphylococcus aureus 



87 

 

pathogenesis. Proc Natl Acad Sci USA 99:2293–2298. 
 
336.  Ton-That H, Mazmanian SK, Faull KF, Schneewind O. 2000. Anchoring of 

surface proteins to the cell wall of Staphylococcus aureus. Sortase catalyzed in 
vitro transpeptidation reaction using LPXTG peptide and NH(2)-Gly(3) substrates. 
J Biol Chem 275:9876–81. 

 
337.  Zhang R, Wu R, Joachimiak G, Mazmanian SK, Missiakas DM, Gornicki P, 

Schneewind O, Joachimiak A. 2004. Structures of sortase B from Staphylococcus 
aureus and Bacillus anthracis reveal catalytic amino acid triad in the active site. 
Structure 12:1147–56. 

 
338.  Dryla A, Hoffmann B, Gelbmann D, Giefing C, Hanner M, Meinke A, 

Anderson AS, Koppensteiner W, Konrat R, von Gabain A, Nagy E. 2007. 
High-affinity binding of the staphylococcal HarA protein to haptoglobin and 
hemoglobin involves a domain with an antiparallel eight-stranded beta-barrel fold. 
J Bacteriol 189:254–264. 

 
339.  Torres VJ, Pishchany G, Humayun M, Schneewind O, Skaar EP. 2006. 

Staphylococcus aureus IsdB is a hemoglobin receptor required for heme iron 
utilization. J Bacteriol 188:8421–8429. 

 
340.  Mazmanian SK, Skaar EP, Gaspar AH, Humayun M, Gornicki P, Jelenska J, 

Joachmiak A, Missiakas DM, Schneewind O. 2003. Passage of Heme-Iron 
Across the Envelope of Staphylococcus aureus. Science (80- ) 299:906–909. 

 
341.  Spirig T, Malmirchegini GR, Zhang J, Robson SA, Sjodt M, Liu M, Kumar 

KK, Dickson CF, Gell DA, Lei B, Loo JA, Clubb RT. 2013. Staphylococcus 
aureus uses a novel multidomain receptor to break apart human hemoglobin and 
steal its heme. J Biol Chem 288:1065–1078. 

 
342.  Fonner BA, Tripet BP, Eilers BJ, Stanisich J, Sullivan-Springhetti RK, Moore 

R, Liu M, Lei B, Copié V. 2014. Solution structure and molecular determinants of 
hemoglobin binding of the first NEAT domain of IsdB in Staphylococcus aureus. 
Biochemistry 53:3922–33. 

 
343.  Muryoi N, Tiedemann MT, Pluym M, Cheung J, Heinrichs DE, Stillman MJ. 

2008. Demonstration of the iron-regulated surface determinant (Isd) heme transfer 
pathway in Staphylococcus aureus. J Biol Chem 283:28125–28136. 

 
344.  Liu M, Tanaka WN, Zhu H, Xie G, Dooley DM, Lei B. 2008. Direct hemin 

transfer from IsdA to IsdC in the iron-regulated surface determinant (Isd) heme 
acquisition system of Staphylococcus aureus. J Biol Chem 283:6668–6676. 

 
345.  Tiedemann MT, Pinter TBJ, Stillman MJ. 2012. Insight into blocking heme 

transfer by exploiting molecular interactions in the core Isd heme transporters 



88 

 

IsdA-NEAT, IsdC-NEAT, and IsdE of Staphylococcus aureus. Metallomics 
4:751–60. 

 
346.  Grigg JC, Vermeiren CL, Heinrichs DE, Murphy MEP. 2007. Heme 

coordination by Staphylococcus aureus IsdE. J Biol Chem 282:28815–28822. 
 
347.  Zhu H, Xie G, Liu M, Olson JS, Fabian M, Dooley DM, Lei B. 2008. Pathway 

for heme uptake from human methemoglobin by the iron-regulated surface 
determinants system of Staphylococcus aureus. J Biol Chem 283:18450–18460. 

 
348.  Skaar EP, Gaspar AH, Schneewind O. 2004. IsdG and IsdI, heme-degrading 

enzymes in the cytoplasm of Staphylococcus aureus. J Biol Chem 279:436–443. 
 
349.  Wu R, Skaar EP, Zhang R, Joachimiak G, Gornicki P, Schneewind O, 

Joachimiak A. 2005. Staphylococcus aureus IsdG and IsdI, heme-degrading 
enzymes with structural similarity to monooxygenases. J Biol Chem 280:2840–
2846. 

 
350.  Reniere ML, Ukpabi GN, Harry SR, Stec DF, Krull R, Wright DW, 

Bachmann BO, Murphy ME, Skaar EP. 2010. The IsdG-family of haem 
oxygenases degrades haem to a novel chromophore. Mol Microbiol 75:1529–38. 

 
351.  Reniere ML, Skaar EP. 2008. Staphylococcus aureus haem oxygenases are 

differentially regulated by iron and haem. Mol Microbiol 69:1304–15. 
 
352.  Reniere ML, Haley KP, Skaar EP. 2011. The flexible loop of Staphylococcus 

aureus IsdG is required for its degradation in the absence of heme. Biochemistry 
50:6730–7. 

 
353.  Drysdale M, Heninger S, Hutt J, Chen Y, Lyons CR, Koehler TM. 2005. 

Capsule synthesis by Bacillus anthracis is required for dissemination in murine 
inhalation anthrax. EMBO J 24:221–7. 

 
354.  Mesnage S, Fontaine T, Mignot T, Delepierre M, Mock M, Fouet A. 2000. 

Bacterial SLH domain proteins are non-covalently anchored to the cell surface via 
a conserved mechanism involving wall polysaccharide pyruvylation. EMBO J 
19:4473–84. 

 
355.  Maresso AW, Garufi G, Schneewind O. 2008. Bacillus anthracis secretes 

proteins that mediate heme acquisition from hemoglobin. PLoS Pathog 
4:e1000132. 

 
356.  Fabian M, Solomaha E, Olson JS, Maresso AW. 2009. Heme transfer to the 

bacterial cell envelope occurs via a secreted hemophore in the Gram-positive 
pathogen Bacillus anthracis. J Biol Chem 284:32138–46. 

 



89 

 

357.  Balderas MA, Nobles CL, Honsa ES, Alicki ER, Maresso AW. 2012. Hal Is a 
Bacillus anthracis heme acquisition protein. J Bacteriol 194:5513–21. 

 
358.  Gaspar AH, Marraffini LA, Glass EM, Debord KL, Ton-That H, Schneewind 

O. 2005. Bacillus anthracis sortase A (SrtA) anchors LPXTG motif-containing 
surface proteins to the cell wall envelope. J Bacteriol 187:4646–55. 

 
359.  Tarlovsky Y, Fabian M, Solomaha E, Honsa E, Olson JS, Maresso AW. 2010. 

A Bacillus anthracis S-layer homology protein that binds heme and mediates heme 
delivery to IsdC. J Bacteriol 192:3503–11. 

 
360.  Honsa ES, Maresso AW. 2011. Mechanisms of iron import in anthrax. Biometals 

24:533–45. 
 
361.  Skaar EP, Gaspar AH, Schneewind O. 2006. Bacillus anthracis IsdG, a heme-

degrading monooxygenase. J Bacteriol 188:1071–80. 
 
362.  Andrade MA, Ciccarelli FD, Perez-Iratxeta C, Bork P. 2002. NEAT: a domain 

duplicated in genes near the components of a putative Fe3+ siderophore 
transporter from Gram-positive pathogenic bacteria. Genome Biol 
3:RESEARCH0047. 

 
363.  Honsa ES, Maresso AW, Highlander SK. 2014. Molecular and evolutionary 

analysis of NEAr-Iron Transporter (NEAT) domains. PLoS One 9:e104794. 
 
364.  Grigg JC, Vermeiren CL, Heinrichs DE, Murphy MEP. 2007. Haem 

recognition by a Staphylococcus aureus NEAT domain. Mol Microbiol 63:139–
149. 

 
365.  Sharp KH, Schneider S, Cockayne A, Paoli M. 2007. Crystal structure of the 

heme-IsdC complex, the central conduit of the Isd iron/heme uptake system in 
Staphylococcus aureus. J Biol Chem 282:10625–10631. 

 
366.  Gaudin CFM, Grigg JC, Arrieta AL, Murphy MEP. 2011. Unique heme-iron 

coordination by the hemoglobin receptor IsdB of Staphylococcus aureus. 
Biochemistry 50:5443–5452. 

 
367.  Pilpa RM, Fadeev EA, Villareal VA, Wong ML, Phillips M, Clubb RT. 2006. 

Solution structure of the NEAT (NEAr Transporter) domain from IsdH/HarA: the 
human hemoglobin receptor in Staphylococcus aureus. J Mol Biol 360:435–47. 

 
368.  Sharp KH, Schneider S, Cockayne A, Paoli M. 2007. Crystal structure of the 

heme-IsdC complex, the central conduit of the Isd iron/heme uptake system in 
Staphylococcus aureus. J Biol Chem 282:10625–10631. 

 
369.  Pilpa RM, Robson SA, Villareal VA, Wong ML, Phillips M, Clubb RT. 2009. 



90 

 

Functionally distinct NEAT (NEAr Transporter) domains within the 
Staphylococcus aureus IsdH/HarA protein extract heme from methemoglobin. J 
Biol Chem 284:1166–1176. 

 
370.  Kumar KK, Jacques DA, Pishchany G, Caradoc-Davies T, Spirig T, 

Malmirchegini GR, Langley DB, Dickson CF, Mackay JP, Clubb RT, Skaar 
EP, Guss JM, Gell DA. 2011. Structural basis for hemoglobin capture by 
Staphylococcus aureus cell-surface protein, IsdH. J Biol Chem 286:38439–38447. 

 
371.  Honsa ES, Fabian M, Cardenas AM, Olson JS, Maresso AW. 2011. The five 

near-iron transporter (NEAT) domain anthrax hemophore, IsdX2, scavenges heme 
from hemoglobin and transfers heme to the surface protein IsdC. J Biol Chem 
286:33652–60. 

 
372.  Honsa ES, Owens CP, Goulding CW, Maresso AW. 2013. The near-iron 

transporter (NEAT) domains of the anthrax hemophore IsdX2 require a critical 
glutamine to extract heme from methemoglobin. J Biol Chem 288:8479–90. 

 
373.  Ouattara M, Pennati A, Devlin DJ, Huang Y-S, Gadda G, Eichenbaum Z. 

2013. Kinetics of heme transfer by the Shr NEAT domains of Group A 
Streptococcus. Arch Biochem Biophys 538:71–9. 

 
374.  Xiao Q, Jiang X, Moore KJ, Shao Y, Pi H, Dubail I, Charbit A, Newton SM, 

Klebba PE. 2011. Sortase independent and dependent systems for acquisition of 
haem and haemoglobin in Listeria monocytogenes. Mol Microbiol 80:1581–97. 

 
375.  Malmirchegini GR, Sjodt M, Shnitkind S, Sawaya MR, Rosinski J, Newton 

SM, Klebba PE, Clubb RT. 2014. Novel mechanism of hemin capture by Hbp2, 
the hemoglobin-binding hemophore from Listeria monocytogenes. J Biol Chem 
289:34886–99. 

 
376.  Zapotoczna M, Heilbronner S, Speziale P, Foster TJ. 2012. Iron-regulated 

surface determinant (Isd) proteins of Staphylococcus lugdunensis. J Bacteriol 
194:6453–6467. 

 
377.  Drazek ES, Hammack CA, Schmitt MP. 2000. Corynebacterium diphtheriae 

genes required for acquisition of iron from haemin and haemoglobin are 
homologous to ABC haemin transporters. Mol Microbiol 36:68–84. 

 
378.  Hornung JM, Jones HA, Perry RD. 1996. The hmu locus of Yersinia pestis is 

essential for utilization of free haemin and haem-protein complexes as iron 
sources. Mol Microbiol 20:725–39. 

 
379.  Thompson JM, Jones HA, Perry RD. 1999. Molecular characterization of the 

hemin uptake locus (hmu) from Yersinia pestis and analysis of hmu mutants for 
hemin and hemoprotein utilization. Infect Immun 67:3879–92. 



91 

 

 
380.  Allen CE, Schmitt MP. 2009. HtaA is an iron-regulated hemin binding protein 

involved in the utilization of heme iron in Corynebacterium diphtheriae. J 
Bacteriol 191:2638–48. 

 
381.  Kunkle CA, Schmitt MP. 2003. Analysis of the Corynebacterium diphtheriae 

DtxR Regulon: Identification of a Putative Siderophore Synthesis and Transport 
System that Is Similar to the Yersinia High-Pathogenicity Island-Encoded 
Yersiniabactin Synthesis and Uptake System. J Bacteriol 185:6826–6840. 

 
382.  Allen CE, Schmitt MP. 2011. Novel hemin binding domains in the 

Corynebacterium diphtheriae HtaA protein interact with hemoglobin and are 
critical for heme iron utilization by HtaA. J Bacteriol 193:5374–85. 

 
383.  Draganova EB, Akbas N, Adrian SA, Lukat-Rodgers GS, Collins DP, Dawson 

JH, Allen CE, Schmitt MP, Rodgers KR, Dixon DW. 2015. Heme Binding by 
Corynebacterium diphtheriae HmuT: Function and Heme Environment. 
Biochemistry 54:6598–609. 

 
384.  Allen CE, Burgos JM, Schmitt MP. 2013. Analysis of novel iron-regulated, 

surface-anchored hemin-binding proteins in Corynebacterium diphtheriae. J 
Bacteriol 195:2852–63. 

 
385.  Allen CE, Schmitt MP. 2015. Utilization of host iron sources by 

Corynebacterium diphtheriae: multiple hemoglobin-binding proteins are essential 
for the use of iron from the hemoglobin-haptoglobin complex. J Bacteriol 
197:553–62. 

 
386.  Schmitt MP. 1997. Utilization of host iron sources by Corynebacterium 

diphtheriae: identification of a gene whose product is homologous to eukaryotic 
heme oxygenases and is required for acquisition of iron from heme and 
hemoglobin. J Bacteriol 179:838–45. 

 
387.  Schmitt MP, Holmes RK. 1991. Iron-dependent regulation of diphtheria toxin 

and siderophore expression by the cloned Corynebacterium diphtheriae repressor 
gene dtxR in C. diphtheriae C7 strains. Infect Immun 59:1899–904. 

 
388.  Bates CS, Toukoki C, Neely MN, Eichenbaum Z. 2005. Characterization of 

MtsR, a new metal regulator in group A Streptococcus, involved in iron 
acquisition and virulence. Infect Immun 73:5743–5753. 

 
389.  Escolar L, Pérez-Martín J, de Lorenzo V. 1999. Opening the iron box: 

transcriptional metalloregulation by the Fur protein. J Bacteriol 181:6223–9. 
 
390.  Baichoo N, Helmann JD. 2002. Recognition of DNA by Fur: a reinterpretation of 

the Fur box consensus sequence. J Bacteriol 184:5826–32. 



92 

 

 
391.  Fillat MF. 2014. The FUR (ferric uptake regulator) superfamily: Diversity and 

versatility of key transcriptional regulators. Arch Biochem Biophys 546:41–52. 
 
392.  Deng Z, Wang Q, Liu Z, Zhang M, Machado ACD, Chiu T-P, Feng C, Zhang 

Q, Yu L, Qi L, Zheng J, Wang X, Huo X, Qi X, Li X, Wu W, Rohs R, Li Y, 
Chen Z. 2015. Mechanistic insights into metal ion activation and operator 
recognition by the ferric uptake regulator. Nat Commun 6:7642. 

 
393.  de Lorenzo V, Wee S, Herrero M, Neilands JB. 1987. Operator sequences of the 

aerobactin operon of plasmid ColV-K30 binding the ferric uptake regulation (fur) 
repressor. J Bacteriol 169:2624–30. 

 
394.  Litwin CM, Calderwood SB. 1993. Role of iron in regulation of virulence genes. 

Clin Microbiol Rev 6:137–49. 
 
395.  Prince RW, Cox CD, Vasil ML. 1993. Coordinate regulation of siderophore and 

exotoxin A production: Molecular cloning and sequencing of the Pseudomonas 
aeruginosa fur gene. J Bacteriol 175:2589–2598. 

 
396.  Torres VJ, Attia AS, Mason WJ, Hood MI, Corbin BD, Beasley FC, Anderson 

KL, Stauff DL, McDonald WH, Zimmerman LJ, Friedman DB, Heinrichs 
DE, Dunman PM, Skaar EP. 2010. Staphylococcus aureus Fur Regulates the 
Expression of Virulence Factors That Contribute to the Pathogenesis of 
Pneumonia. Infect Immun 78:1618–1628. 

 
397.  Butcher J, Sarvan S, Brunzelle JS, Couture J-F, Stintzi A. 2012. Structure and 

regulon of Campylobacter jejuni ferric uptake regulator Fur define apo-Fur 
regulation. Proc Natl Acad Sci 109:10047–10052. 

 
398.  Massé E, Gottesman S. 2002. A small RNA regulates the expression of genes 

involved in iron metabolism in Escherichia coli. Proc Natl Acad Sci U S A 
99:4620–4625. 

 
399.  Dubbs JM, Mongkolsuk S. 2012. Peroxide-sensing transcriptional regulators in 

bacteria. J Bacteriol 194:5495–503. 
 
400.  Herbig AF, Helmann JD. 2001. Roles of metal ions and hydrogen peroxide in 

modulating the interaction of the Bacillus subtilis PerR peroxide regulon repressor 
with operator DNA. Mol Microbiol 41:849–859. 

 
401.  Lee J-W, Helmann JD. 2006. The PerR transcription factor senses H2O2 by 

metal-catalysed histidine oxidation. Nature 440:363–7. 
 
402.  Fuangthong M, Herbig AF, Bsat N, Helmann JD. 2002. Regulation of the 

Bacillus subtilis fur and perR genes by PerR: Not all members of the PerR regulon 



93 

 

are peroxide inducible. J Bacteriol 184:3276–3286. 
 
403.  Lee JW, Helmann JD. 2006. Biochemical characterization of the structural Zn2+ 

site in the Bacillus subtilis peroxide sensor PerR. J Biol Chem 281:23567–23578. 
 
404.  Opez-Gomollon SO, Sevilla E, Teresa BES M, Luisa PELEATO M, Fillat MF. 

2009. New insights into the role of Fur proteins: FurB (All2473) from Anabaena 
protects DNA and increases cell survival under oxidative stress. Biochem J 
418:201–207. 

 
405.  Zheng M, Doan B, Schneider TD, Storz G. 1999. OxyR and SoxRS regulation 

of Fur. J Bacteriol 181:4639–43. 
 
406.  Helmann JD. 2014. Specificity of metal sensing: iron and manganese homeostasis 

in Bacillus subtilis. J Biol Chem 289:28112–20. 
 
407.  Flores-Mireles AL, Walker JN, Caparon M, Hultgren SJ. 2015. Urinary tract 

infections: epidemiology, mechanisms of infection and treatment options. Nat Rev 
Microbiol 13:269–84. 

 
408.  Fey PD, Olson ME. 2010. Current concepts in biofilm formation of 

Staphylococcus epidermidis. Future Microbiol 5:917–33. 
 
409.  Santarpia L, Buonomo A, Pagano MC, Alfonsi L, Foggia M, Mottola M, 

Marinosci GZ, Contaldo F, Pasanisi F. 2016. Central venous catheter related 
bloodstream infections in adult patients on home parenteral nutrition: Prevalence, 
predictive factors, therapeutic outcome. Clin Nutr. Elsevier. 

 
410.  Arias M, Tena D, Apellániz M, Asensio MP, Caballero P, Hernández C, 

Tejedor F, Bisquert J. 2010. Skin and soft tissue infections caused by 
Staphylococcus lugdunensis: report of 20 cases. Scand J Infect Dis 42:879–884. 

 
411.  Kleiner E, Monk AB, Archer GL, Forbes BA. 2010. Clinical significance of 

Staphylococcus lugdunensis isolated from routine cultures. Clin Infect Dis 51:801–
803. 

 
412.  Babu E, Oropello J. 2011. Staphylococcus lugdunensis: the coagulase-negative 

staphylococcus you don’t want to ignore. Expert Rev Anti Infect Ther 9:901–907. 
 
413.  Tong SYC, Davis JS, Eichenberger E, Holland TL, Fowler VG. 2015. 

Staphylococcus aureus infections: Epidemiology, pathophysiology, clinical 
manifestations, and management. Clin Microbiol Rev 28:603–661. 

 
414.  Peacock SJ, De Silva I, Lowy FD. 2001. What determines nasal carriage of 

Staphylococcus aureus? Trends Microbiol. 
 



94 

 

415.  Friedrich R, Panizzi P, Fuentes-Prior P, Richter K, Verhamme I, Anderson 
PJ, Kawabata S-I, Huber R, Bode W, Bock PE. 2003. Staphylocoagulase is a 
prototype for the mechanism of cofactor-induced zymogen activation. Nature 
425:535–539. 

 
416.  Mateo M, Maestre JR, Aguilar L, Cafini F, Puente P, Sanchez P, Alou L, 

Gimenez MJ, Prieto J. 2005. Genotypic versus phenotypic characterization, with 
respect to susceptibility and identification, of 17 clinical isolates of 
Staphylococcus lugdunensis. J Antimicrob Chemother 56:287–291. 

 
417.  Riegel P, Jesel-Morel L, Laventie B, Boisset S, Vandenesch F, Prévost G. 

2011. Coagulase-positive Staphylococcus pseudintermedius from animals causing 
human endocarditis. Int J Med Microbiol 301:237–239. 

 
418.  Casanova C, Iselin L, Von Steiger N, Droz S, Sendi P. 2011. Staphylococcus 

hyicus bacteremia in a farmer. J Clin Microbiol 49:4377–4378. 
 
419.  Savini V, Barbarini D, Polakowska K, Gherardi G, Bialecka A, Kasprowicz 

A, Polilli E, Marrollo R, Di Bonaventura G, Fazii P, D’Antonio D, 
Miedzobrodzki J, Carrettog E. 2013. Methicillin-resistant Staphylococcus 
pseudintermedius infection in a bone marrow transplant recipient. J Clin Microbiol 
51:1636–1638. 

 
420.  Mediavilla JR, Chen L, Mathema B, Kreiswirth BN. 2012. Global 

epidemiology of community-associated methicillin resistant Staphylococcus 
aureus (CA-MRSA). Curr Opin Microbiol. 

 
421.  Foster TJ, Geoghegan JA, Ganesh VK, Höök M. 2013. Adhesion, invasion and 

evasion: the many functions of the surface proteins of Staphylococcus aureus. Nat 
Rev Microbiol 12:49–62. 

 
422.  Paharik AE, Horswill AR. 2016. The Staphylococcal Biofilm: Adhesins, 

Regulation, and Host Response. Microbiol Spectr 4:1–27. 
 
423.  Thammavongsa V, Kim HK, Missiakas D, Schneewind O. 2015. 

Staphylococcal manipulation of host immune responses. Nat Rev Microbiol 
13:529–43. 

 
424.  Flannagan RS, Heit B, Heinrichs DE. 2015. Antimicrobial Mechanisms of 

Macrophages and the Immune Evasion Strategies of Staphylococcus 
aureus.Pathogens. Multidisciplinary Digital Publishing Institute (MDPI). 

 
425.  Friedman DB, Stauff DL, Pishchany G, Whitwell CW, Torres VJ, Skaar EP. 

2006. Staphylococcus aureus redirects central metabolism to increase iron 
availability. PLoS Pathog 2:0777–0789. 

 



95 

 

426.  Seidl K, Müller S, François P, Kriebitzsch C, Schrenzel J, Engelmann S, 
Bischoff M, Berger-Bächi B. 2009. Effect of a glucose impulse on the CcpA 
regulon in Staphylococcus aureus. BMC Microbiol 9:95. 

 
427.  Ding Y, Liu X, Chen F, Di H, Xu B, Zhou L, Deng X, Wu M, Yang C-G, Lan 

L. 2014. Metabolic sensor governing bacterial virulence in Staphylococcus aureus. 
Proc Natl Acad Sci 111:E4981–E4990. 

 
428.  Cotton JL, Tao J, Balibar CJ. 2009. Identification and characterization of the 

Staphylococcus aureus gene cluster coding for staphyloferrin A. Biochemistry 
48:1025–1035. 

 
429.  Cheung J, Beasley FC, Liu S, Lajoie GA, Heinrichs DE. 2009. Molecular 

characterization of staphyloferrin B biosynthesis in Staphylococcus aureus. Mol 
Microbiol 74:594–608. 

 
430.  Ghssein G, Brutesco C, Ouerdane L, Fojcik C, Izaute A, Wang S, Hajjar C, 

Lobinski R, Lemaire D, Richaud P, Voulhoux R, Espaillat A, Cava F, Pignol 
D, Borezee-Durant E, Arnoux P. 2016. Biosynthesis of a broad-spectrum 
nicotianamine-like metallophore in Staphylococcus aureus. Science (80- ) 
352:1105–1109. 

 
431.  Skaar EP, Humayun M, Bae T, DeBord KL, Schneewind O. 2004. Iron-source 

preference of Staphylococcus aureus infections. Science 305:1626–8. 
 
432.  Laakso HA, Marolda CL, Pinter TB, Stillman MJ, Heinrichs DE. 2016. A 

Heme-responsive Regulator Controls Synthesis of Staphyloferrin B in 
Staphylococcus aureus. J Biol Chem 291:29–40. 

 
433.  Sheldon JR, Marolda CL, Heinrichs DE. 2014. TCA cycle activity in 

Staphylococcus aureus is essential for iron-regulated synthesis of staphyloferrin A, 
but not staphyloferrin B: the benefit of a second citrate synthase. Mol Microbiol 
92:824–839. 

 
434.  Lindsay JA, Riley T V, Mee BJ. 1994. Production of siderophore by coagulase-

negative staphylococci and its relation to virulence. Eur J Clin Microbiol Infect 
Dis 13:1063–6. 

 
435.  Amadasi A, Bertoldi M, Contestabile R, Bettati S, Cellini B, di Salvo ML, 

Borri-Voltattorni C, Bossa F, Mozzarelli A. 2007. Pyridoxal 5’-phosphate 
enzymes as targets for therapeutic agents. Curr Med Chem 14:1291–324. 

 
436.  Hannauer M, Sheldon JR, Heinrichs DE. 2015. Involvement of major facilitator 

superfamily proteins SfaA and SbnD in staphyloferrin secretion in Staphylococcus 
aureus. FEBS Lett 589:730–737. 

 



96 

 

437.  Sheldon JR, Heinrichs DE. 2012. The iron-regulated staphylococcal lipoproteins. 
Front Cell Infect Microbiol 2:41. 

 
438.  Grigg JC, Cooper JD, Cheung J, Heinrichs DE, Murphy MEP. 2010. The 

Staphylococcus aureus siderophore receptor HtsA undergoes localized 
conformational changes to enclose staphyloferrin a in an arginine-rich binding 
pocket. J Biol Chem 285:11162–11171. 

 
439.  Grigg JC, Cooper JD, Cheung J, Heinrichs DE, Murphy MEP. 2010. The 

Staphylococcus aureus siderophore receptor HtsA undergoes localized 
conformational changes to enclose staphyloferrin a in an arginine-rich binding 
pocket. J Biol Chem 285:11162–11171. 

 
440.  Cooper JD, Hannauer M, Marolda CL, Briere LAK, Heinrichs DE. 2014. 

Identification of a positively charged platform in Staphylococcus aureus HtsA that 
is essential for ferric staphyloferrin A transport. Biochemistry 53:5060–5069. 

 
441.  Drechsel H, Freund S, Nicholson G, Haag H, Jung O, Zähner H, Jung G. 

1993. Purification and chemical characterization of staphyloferrin B, a hydrophilic 
siderophore from Staphylococci. Biometals 6:185–192. 

 
442.  Beasley FC, Cheung J, Heinrichs DE. 2011. Mutation of L-2,3-diaminopropionic 

acid synthase genes blocks staphyloferrin B synthesis in Staphylococcus aureus. 
BMC Microbiol 11:199. 

 
443.  Kobylarz MJ, Grigg JC, Takayama SIJ, Rai DK, Heinrichs DE, Murphy 

MEP. 2014. Synthesis of L-2,3-diaminopropionic acid, a siderophore and 
antibiotic precursor. Chem Biol 21:379–388. 

 
444.  Cheung J, Murphy MEP, Heinrichs DE. 2012. Discovery of an iron-regulated 

citrate synthase in Staphylococcus aureus. Chem Biol 19:1568–1578. 
 
445.  Grigg JC, Cheung J, Heinrichs DE, Murphy MEP. 2010. Specificity of 

staphyloferrin B recognition by the SirA receptor from Staphylococcus aureus. J 
Biol Chem 285:34579–34588. 

 
446.  Morrissey JA, Cockayne A, Hill PJ, Williams P. 2000. Molecular cloning and 

analysis of a putative siderophore ABC transporter from Staphylococcus aureus. 
Infect Immun 68:6281–6288. 

 
447.  Pishchany G, Sheldon JR, Dickson CF, Alam MT, Read TD, Gell DA, 

Heinrichs DE, Skaar EP. 2014. IsdB-dependent Hemoglobin Binding Is Required 
for Acquisition of Heme by Staphylococcus aureus. J Infect Dis 209:1764–1772. 

 
448.  Brozyna JR, Sheldon JR, Heinrichs DE. 2014. Growth promotion of the 

opportunistic human pathogen, Staphylococcus lugdunensis, by heme, 



97 

 

hemoglobin, and coculture with Staphylococcus aureus. Microbiologyopen 3:182–
95. 

 
449.  Malachowa N, Whitney AR, Kobayashi SD, Sturdevant DE, Kennedy AD, 

Braughton KR, Shabb DW, Diep BA, Chambers HF, Otto M, DeLeo FR. 
2011. Global changes in Staphylococcus aureus gene expression in human blood. 
PLoS One 6:e18617. 

 
450.  Visai L, Yanagisawa N, Josefsson E, Tarkowski A, Pezzali I, Rooijakkers 

SHM, Foster TJ, Speziale P. 2009. Immune evasion by Staphylococcus aureus 
conferred by iron-regulated surface determinant protein IsdH. Microbiology 
155:667–679. 

 
451.  Freney J, Husson MO, Gavini F, Madier S, Martra  a, Izard D, Leclerc H, 

Fleurette J. 1988. Susceptibilities to antibiotics and antiseptics of new species of 
the family Enterobacteriaceae. Antimicrob Agents Chemother 32:873–6. 

 
452.  Bieber L, Kahlmeter G. 2010. Staphylococcus lugdunensis in several niches of 

the normal skin flora. Clin Microbiol Infect 16:385–388. 
 
453.  Herchline TE, Ayers LW. 1991. Occurrence of Staphylococcus lugdunensis in 

consecutive clinical cultures and relationship of isolation to infection. J Clin 
Microbiol 29:419–421. 

 
454.  Anguera I, Del Río A, Miró JM, Matínez-Lacasa X, Marco F, Gumá JR, 

Quaglio G, Claramonte X, Moreno A, Mestres CA, Mauri E, Azqueta M, 
Benito N, García-de la María C, Almela M, Jiménez-Expósito M-J, Sued O, 
De Lazzari E, Gatell JM. 2005. Staphylococcus lugdunensis infective 
endocarditis: description of 10 cases and analysis of native valve, prosthetic valve, 
and pacemaker lead endocarditis clinical profiles. Heart 91:e10. 

 
455.  Liu PY, Huang YF, Tang CW, Chen YY, Hsieh KS, Ger LP, Chen YS LY. 

2010. Staphylococcus lugdunensis Infective Endocarditis: A Literature Review and 
Analysis of Risk Factors. J Microbiol Immunol Infect 43:478–484. 

 
456.  Lessing MPA, Crook DWM, Bowler ICJ, Gribbin B. 1996. Native-valve 

endocarditis caused by Staphylococcus lugdunensis. QJM 89:855–858. 
 
457.  Patel R, Piper KE, Rouse MS, Uhl JR, Cockerill FR, Steckelberg JM. 2000. 

Frequency of isolation of Staphylococcus lugdunensis among staphylococcal 
isolates causing endocarditis: A 20-year experience. J Clin Microbiol 38:4262–
4263. 

 
458.  Schandiz H, Olav Hermansen N, Jørgensen T, Roald B. 2015. Staphylococcus 

lugdunensis endocarditis following vasectomy - report of a case history and review 
of the literature. APMIS 123:726–729. 



98 

 

 
459.  Frank KL, Del Pozo JL, Patel R. 2008. From clinical microbiology to infection 

pathogenesis: How daring to be different works for Staphylococcus lugdunensis. 
Clin Microbiol Rev. 

 
460.  Otto M. 2009. Staphylococcus epidermidis-the “accidental” pathogen. Nat Rev 

Microbiol 7:555–67. 
 
461.  Nilsson M, Bjerketorp J, Guss B, Frykberg L. 2004. A fibrinogen-binding 

protein of Staphylococcus lugdunensis. FEMS Microbiol Lett 241:87–93. 
 
462.  Mitchell J, Tristan A, Foster TJ. 2004. Characterization of the fibrinogen-

binding surface protein Fbl of Staphylococcus lugdunensis. Microbiology 
150:3831–3841. 

 
463.  Geoghegan JA, Ganesh VK, Smeds E, Liang X, Hook M, Foster TJ. 2010. 

Molecular characterization of the interaction of staphylococcal microbial surface 
components recognizing adhesive matrix molecules (MSCRAMM) ClfA and Fbl 
with fibrinogen. J Biol Chem 285:6208–6216. 

 
464.  Marlinghaus L, Becker K, Korte M, Neumann S, Gatermann SG, Szabados F. 

2012. Construction and characterization of three knockout mutants of the fbl gene 
in Staphylococcus lugdunensis. APMIS 120:108–116. 

 
465.  Nilsson M, Bjerketorp J, Wiebensjö A, Ljungh A, Frykberg L, Guss B. 2004. 

A von Willebrand factor-binding protein from Staphylococcus lugdunensis. FEMS 
Microbiol Lett 234:155–61. 

 
466.  Donvito B, Etienne J, Denoroy L, Greenland T, Benito Y, Vandenesch F. 

1997. Synergistic hemolytic activity of Staphylococcus lugdunensis is mediated by 
three peptides encoded by a non-agr genetic locus. Infect Immun 65:95–100. 

 
467.  Mak P, Maszewska A, Rozalska M. 2008. The amino acid sequences and 

activities of synergistic hemolysins from Staphylococcus cohnii. FEMS Microbiol 
Lett 287:230–235. 

 
468.  Rautenberg M, Joo H-S, Otto M, Peschel A. 2011. Neutrophil responses to 

staphylococcal pathogens and commensals via the formyl peptide receptor 2 
relates to phenol-soluble modulin release and virulence. FASEB J 25:1254–63. 

 
469.  Kretschmer D, Rautenberg M, Linke D, Peschel A. 2015. Peptide length and 

folding state govern the capacity of staphylococcal β-type phenol-soluble modulins 
to activate human formyl-peptide receptors 1 or 2. J Leukoc Biol 97:689–97. 

 
470.  Szabados F, Nowotny Y, Marlinghaus L, Korte M, Neumann S, Kaase M, 

Gatermann SG. 2011. Occurrence of genes of putative fibrinogen binding 



99 

 

proteins and hemolysins, as well as of their phenotypic correlates in isolates of S. 
lugdunensis of different origins. BMC Res Notes 4:113. 

 
471.  Haley KP, Janson EM, Heilbronner S, Foster TJ, Skaar EP. 2011. 

Staphylococcus lugdunensis IsdG liberates iron from host heme. J Bacteriol 
193:4749–4757. 

 
472.  Missineo A, Poto A Di, Geoghegan JA, Rindi S, Heilbronner S, Gianotti V, 

Arciola CR, Foster TJ, Speziale P, Pietrocola G. 2014. IsdC from 
Staphylococcus lugdunensis induces biofilm formation under low-iron growth 
conditions. Infect Immun 82:2448–2459. 

 
473.  Tse H, Tsoi HW, Leung SP, Lau SKP, Woo PCY, Yuen KY. 2010. Complete 

genome sequence of Staphylococcus lugdunensis strain HKU09-01. J Bacteriol 
192:1471–1472. 

 
474.  Heilbronner S, Holden MTG, van Tonder A, Geoghegan JA, Foster TJ, 

Parkhill J, Bentley SD. 2011. Genome sequence of Staphylococcus lugdunensis 
N920143 allows identification of putative colonization and virulence factors. 
FEMS Microbiol Lett 322:60–67. 

 
475.  Heilbronner S, Hanses F, Monk IR, Speziale P, Foster TJ. 2013. Sortase A 

promotes virulence in experimental Staphylococcus lugdunensis endocarditis. 
Microbiology 159:2141–2152. 

 
476.  Liesenborghs L, Peetermans M, Claes J, Veloso TR, Vandenbriele C, Criel M 

L, M, Peetermans WE, Heilbronner S, de Groot PG, Vanassche T, Hoylaerts 
MF V, P. 2016. Shear-resistant Binding to Von Willebrand Factor Allows 
Staphylococcus lugdunensis to Adhere to the Cardiac Valves and Initiate 
Endocarditis. J Infect Dis 213:1–25. 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



100 

 

2  

 

 

 

Chapter 2 

Staphyloferrin siderophore and heme acquisition by 

Staphylococcus lugdunensis 

 

 

Significant portions of this chapter have previously been peer-reviewed and published in:  

Brozyna, J. R., Sheldon, J. R., and D. E. Heinrichs. 2014. Growth promotion of the 

opportunistic human pathogen, Staphylococcus lugdunensis, by heme, hemoglobin, and 

coculture with Staphylococcus aureus. MicrobiologyOpen. 3(2): 182-95.  

 

 

 



101 

 

2.1 Introduction 

In 1988, Staphylococcus lugdunensis was described as a new species of coagulase-

negative staphylococcus (CoNS), isolated from a human clinical specimen (1). It is now 

widely considered to be an emerging pathogen with uncharacteristically elevated 

virulence in comparison with other members of the CoNS (2).  In addition to being a skin 

commensal, S. lugdunensis is responsible for both nosocomial and community-acquired 

infections that may include skin and soft tissue infections (SSTIs), pneumonia, 

meningitis, and endocarditis (3–6). While the most common clinical manifestation of S. 

lugdunensis infection is SSTIs (55.4%), blood infections and those associated with 

vascular catheterization accounted for a notable 17.4% of diagnoses (7). Strikingly, the 

mortality rate of S. lugdunensis associated endocarditis may reach up to 50% (3).  Despite 

that S. lugdunensis is gaining notoriety as an atypically virulent CoNS, the true burden of 

S. lugdunensis infection is likely underestimated.  Since most S. lugdunensis isolates are 

hemolytic, and are capable of producing a membrane-bound clumping factor (coagulant), 

it is possible that many S. lugdunensis infections are misinterpreted as being caused by S. 

aureus (8, 9). Moreover, nearly half of patients infected with S. lugdunensis appear to 

have no comorbidities, indicating that this underappreciated pathogen is able to cause 

infection in the absence of overt susceptibility (5). 

 Iron is an essential nutrient for most pathogenic bacteria, including the 

Staphylococci, and represents a significant growth-limiting nutrient in the host (10). 

Virtually all host iron is bound to glycoproteins such as transferrin, ferritin, and 

lactoferrin (11), or is in complex with heme in hemoproteins. Hemoglobin iron accounts 

for up to 75% of total host iron, the vast majority of which is found within circulating 
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erythrocytes (12). To establish infection, pathogens must circumvent host iron 

sequestration strategies, and therefore, by extension, must possess elaborate iron 

acquisition mechanisms in order to obtain this limited nutrient. Frequently, these iron 

uptake strategies involve either the acquisition of heme contained in hemoglobin, or the 

removal of transferrin-bound iron through the secretion of siderophores (13). 

Siderophores are small molecules (commonly less than 1000 Da) capable of binding 

ferric iron with high affinity, and delivering iron back to the cell via surface localized and 

membrane-embedded receptor proteins. 

 Much of our molecular understanding of iron acquisition processes in the 

staphylococci comes from studies in S. aureus. The iron-regulated surface determinants 

(Isds) were first discovered in S. aureus (14, 15). The Isd system is now fairly-well 

characterized, and is constituted by a series of proteins that, together, are capable of 

extracting heme from hemoglobin at the bacterial cell surface, and relaying heme across 

the cell wall, through the cytoplasmic membrane, and into the cytoplasm where it is 

degraded to release iron for use in cellular processes (16, 17). S. aureus also produces 

two siderophores, staphyloferrin A (SA) and staphyloferrin B (SB), which are 

synthesized by gene products encoded from within the sfa and sbn genetic loci, 

respectively (18, 19). S. aureus internalizes ferric-SA and ferric-SB using the ABC-type 

transporters HtsABC and SirABC,  respectively, encoded by genes found adjacent to the 

cognate biosynthetic loci (18, 20–22).  S. aureus strains mutated for staphyloferrin 

production are severely restricted for growth in the presence of transferrin or animal 

serum (23, 24). 
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 Investigations of the molecular mechanisms that contribute to the virulence of S. 

lugdunensis are in their infancy. Few mutants have, as of yet, been constructed and 

characterized, and even fewer tested in animal models. In one recent study it was 

demonstrated that, in S. lugdunensis, sortase A, responsible for the anchoring of LPXTG-

containing proteins to the cell wall, was required for full virulence in a rat endocarditis 

model (25). Interestingly, the genome sequencing of two strains of S. lugdunensis, 

HKU09-01 and N920143, revealed that this species is unique among the CoNS in that it 

encodes an Isd system (26–29) and, moreover, in strain HKU09-01, the isd locus is 

tandemly duplicated. Work led by T. Foster's group has revealed that the isd system in 

strain N920143 is functional, contributing to the strain's use of hemoglobin as an iron 

source (29). 

 In this study, we investigate iron uptake mechanisms in S. lugdunensis through 

characterizing the role of the S. lugdunensis strain HKU09-01 isd locus in heme and 

hemoglobin utilization, as well as characterizing this species for the ability to produce 

and utilize staphyloferrins. We demonstrate that a mutant lacking isd is severely impaired 

for growth using heme and hemoglobin as a sole iron source, especially at nanomolar 

heme and hemoglobin concentrations. Moreover, we show that S. lugdunensis grows 

poorly in serum and in the presence of transferrin owing to a lack of detectable 

siderophore production. We further demonstrate that while S. lugdunensis cannot produce 

staphyloferrins, it encodes the transporters for their uptake and these transporters are 

functional, leading to the notion that S. lugdunensis may appropriate staphyloferrins from 

other staphylococcal species to augment its growth. In support of this, we show that 
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growth of iron-restricted S. lugdunensis is significantly enhanced in co-culture with 

staphyloferrin-producing S. aureus, in an hts- and sir-dependent manner. 

2.2 Experimental procedures 

2.2.1 Bacterial strains and growth conditions 

Bacterial strains and plasmids used in this study are summarized in Table 2-1. For all 

routine manipulations, Escherichia coli DH5α was grown in Difco Luria-Bertani broth 

(LB, BD Diagnostics) or on LB agar (LBA). S. lugdunensis and S. aureus strains were 

cultured in tryptic soy broth (TSB, BD Diagnostics) or on TSB agar (TSA). Antibiotics 

were used at the following concentrations: 100 µg mL-1 ampicillin for E. coli selection; 

10 µg mL-1 chloramphenicol for S. lugdunensis selection. For subsequent experiments, S. 

lugdunensis and S. aureus were grown in several different iron-restricted media as 

detailed, (i) Tris-minimal succinate broth (TMS) (30); (ii) TMS treated with Chelex-100 

resin (Bio-Rad) for 24 hours at 4°C (C-TMS); (iii) an 80:20 mixture of C-TMS to 

complement-inactivated horse serum (Sigma Aldrich); or (iv) RPMI media 1640 (Gibco) 

reconstituted from powder and supplemented with 1% w/v casamino acids (RPMIC, 

Difco)  and 1 µM of the iron chelator ethylenediamine-di(o-hydroxyphenylacetic acid) 

(EDDHA, LGC Standards GmbH). All bacteria were cultured at 37oC, shaking at 200 

rpm, unless otherwise indicated. All media and solutions were prepared with water 

purified through a Milli-Q water purification system (Millipore). 

2.2.2 Generation of isd-sir and htsABC mutants in S. lugdunensis 

Primer sequences used for the construction and complementation of S. lugdunensis 

mutants can be found in Table 2-1. Allelic replacement was performed as previously  
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Table 2-1: Bacterial strains, plasmids and oligonucleotides used in this study. 

Bacterial strain, 

plasmid or 

oligonucleotide 

Descriptiona Source or 

reference 

Strains   

E. coli 

DH5α φf80dlacZΔM15 recA1 endA1 gyrAB thi-1 

hsdR17(rK
− mK

−) supE44 relA1 deoR Δ(lacZYA-

argF)U169 

Promega 

S. lugdunensis 

HKU09-01 Human skin infection isolate (28) 

H2710 HKU09-01 Δisd-sir This study 

H2773 HKU09-01 Δhts This study 

H2774 HKU09-01 Δisd-sir Δhts This study 

S. aureus 

RN4220 Prophage-cured laboratory strain; rK
− mK

+; 

accepts foreign DNA 

(31) 

RN6390 Prophage-cured laboratory strain (32) 

H1324 RN6390 Δsbn::Tet; TetR (23) 

H1661 RN6390 Δsfa::Km; KmR (23) 

H1649 RN6390 Δsbn::Tet Δsfa::Km; TetR KmR (23) 
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H306 RN6390 ΔsirA::Km; KmR (23) 

H1448 RN6390 Δhts::Tet; TetR (23) 

   

Plasmids 

pKOR1 E. coli/Staphylococcus shuttle vector allowing 

allelic replacement in staphylococci 

(33) 

pKOR1Δisd-sir pKOR1 plasmid for deletion of duplicated genetic 

region encompassing isd and sir  

This study 

pKOR1Δhts pKOR1 plasmid for in-frame deletion of htsABC This study 

pRMC2 E. coli/Staphylococcus shuttle vector: ApR CmR (34) 

pRMC2::sir pRMC2 derivative for sirABC expression; CmR This study 

pRMC2::hts pRMC2 derivative for htsABC expression; CmR This study 

Oligonucleotidesb,c 

Purpose Sequence (5'-3') 

Primers for generating 

upstream and 

downstream 

recombinant regions 

for Δisd Δsir using 

pKOR1 

(AttB1)-isdUF:GGGGACAAGTTTGTACAAAAAAGCAGGCT 

CTACCACTGACAGCAACGGCAAT 

isdUR: CTCATTGCGATTCCTTCCTTCG  

isdDF:Phos/AGCACAGATAGGAGTTCATTTGCATGTA 

(AttB2)-isdDR:GGGGACCACTTTGTACAAGAAAGCTGGGT 

AGATGCGCCTTGGATTTGACAC 
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a ApR, CmR, KmR and TetR; resistance to ampicillin, chloramphenicol, kanamycin and 

tetracycline, respectively.  
b Restriction sites for cloning are underlined.  
c Phos/ denotes a 5' phosphate on the primer. 

 

 

 

 

 

Primers for generating 

upstream and 

downstream 

recombinant regions 

for Δhts using 

pKOR1 

(AttB1)-htsUF:GGGGACAAGTTTGTACAAAAAAGCAGGCT 

ATTCCAGTATGTTGCCAC 

htsUR: AACAGTAGCCCAATGATAC 

htsDF: Phos/AGTAGGTGTCATAATAGC 

(AttB2)-htsDR:GGGGACCACTTTGTACAAGAAAGCTGGGT 

TACTGGTAATGAGCACTC  

Primers for cloning 

sirABC into pRMC2 

for complementation 

XhoI-sirF: GATCCTCGAGTACTGCTCCAAAATCCCC  

EcoRI-sirR: GATCGAATTCTTTAGCGTGCGGTATGTC 

 

Primers for cloning 

htsABC into pRMC2 

for complementation 

KpnI-htsF: GATCGGTACCAAGCACTAACCCAGTCAATG  

SacI-htsR: GATCGAGCTCCTAAACAATCCCCATAAAGC 
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described, using the plasmid pKOR1 (33). In brief, 500 - 1,000-bp DNA fragments were 

amplified from the genomic regions upstream and downstream of the tandem-duplicated 

isd-sir locus (Figure 2-1B) using the primers isdUF and isdUR, and isdDF and isdDR, 

respectively.  The amplicons were cloned into pKOR1, generating pKOR1Δisd-sir. 

Similarly, the plasmid pKOR1Δhts for the in-frame deletion of htsABC (Figure 2-1A) 

was constructed by amplifying 500 - 1,000-bp DNA fragments flanking the start and stop 

codons of the operon using primers htsUF and htsUR, and htsDF and htsDR.  The vectors 

were passaged through S. aureus RN4220 before introduction into S. lugdunensis 

HKU09-01 by electroporation. The strains HKU09-01 Δisd-sir (H2710) and HKU09-01 

Δhts (H2773) were generated using the methodology for pKOR1 (29, 33), and 

introduction and recombination of pKOR1Δhts with H2710 was used to produce the isd, 

sir, hts-deficient strain H2774. Chromosomal deletions were confirmed through 

sequencing of PCR amplicons generated from across the deleted regions. 

2.2.3 Complementation of sir and hts mutations 

For complementation of the S. lugdunensis sirABC mutation, primers XhoI-SirF and 

EcoRI-SirR were used to amplify the wild-type sirABC operon, including its native 

promoter. The fragment was cloned into pRMC2 generating pRMC2::sir. The htsABC 

complementation vector pRMC2::hts was similarly created using the amplicon generated 

with XhoI-HtsF and KpnI-HtsR, again including the native promoter for htsABC. 

2.2.4 Bacterial growth curves 

Single, isolated S. aureus and S. lugdunensis colonies, taken from TSA plates after 

overnight incubation, were resuspended in 120 µL C-TMS and 100 µL of this suspension 

was used to inoculate 2 mL C-TMS. These cultures were then incubated at 37°C for at  
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Figure 2-1: Physical maps of the sfa-hts and isd loci in Staphylococcus lugdunensis. 

(A) Staphyloferrin A (SA) biosynthetic and uptake locus. Shown is the homologous locus 

in S. aureus versus that which is present in all sequenced genomes of S. lugdunensis. 

Note that the SA biosynthetic locus in S. lugdunensis carries a deletion that eliminates 

two genes completely (sfaA and sfaD), along with the promoter for the remaining two 

genes (sfaB and sfaC). The deleted region is indicated between the dashed lines. Asp23, 

alkaline shock protein 23. (B) Shown is the ~65-kb region of the S. lugdunensis strain 

HKU09-01 genome (spanning orfs SLGD_00056 to SLGD_00116) with the tandemly 

duplicated isd-sir locus. The duplicated region is shown between the dashed vertical 

lines. Abbreviations are as follows, with predicted or hypothetical functions: ABC, 

component of an ATP-binding cassette transporter; ATP-A,B,C, K+-ATPase components 

A, B, and C, respectively; mem, membrane protein; FMN, FMN binding protein; 

NAT, N-acetyltransferase; marR, MarR-type regulator; hyp, hypothetical; Red, reductase; 

Pase, phosphatase. 
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least 4 hours until OD600 was approximately 1. The cultures were subsequently 

normalized to an OD600 of 1 and 1 µL was added to 200 µL aliquots of 80:20 C-

TMS:horse serum growth medium. For iron replete conditions, 100 µM FeCl3 was 

included. Chloramphenicol was added for strains harbouring pLI50, pRMC2 or their 

derivatives. Cultures were grown with constant shaking at medium amplitude in a 

Bioscreen C machine (Growth Curves) at 37oC. OD600 was measured every 15 min, 

however for graphical clarity, measurements at 4-hour intervals are shown. 

2.2.5 Siderophore preparations and plate bioassays 

Concentrated culture supernatants enriched for staphyloferrin A (SA) and staphyloferrin 

B (SB) were prepared from S. aureus Δsbn and Δsfa mutants, respectively, as previously 

described (23). Concentrated culture supernatants from S. lugdunensis were similarly 

prepared. In brief, strains were grown in C-TMS with aeration, for 40 hours. Bacterial 

cells were removed by centrifugation and supernatants were lyophilized overnight and 

resuspended in methanol (one-fifth the original culture volume). Insoluble material was 

removed by centrifugation and the soluble fraction was rotary evaporated. Dried material 

was resuspended in water (one-tenth the original culture volume). The ability of 

concentrated culture supernatants to support staphylococcal growth was assessed using 

the plate bioassay technique as previously described (35). To assess growth promotion on 

S. lugdunensis cells, 1 x 104 cells mL-1 were incorporated into TMS-agar containing 5 

µM EDDHA. Chloramphenicol was incorporated into media with strains harbouring 

pRMC2, or vector derivatives. Staphyloferrin A and staphyloferrin B were also 

synthesized enzymatically, using procedures that have been previously described (20, 
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36). Siderophores/supernatants were applied to sterile paper disks and placed onto the 

plates. Growth around disks was measured after 24 hours. 

2.2.6 Chrome azurol S assay 

Supernatants of iron-starved staphylococci were concentrated by lyophilization to 1/10 of 

their original volume and tested for iron-binding compounds using the chrome azurol S 

shuttle solution (37), as previously described (36). 

2.2.7 Analysis of iron-regulated protein expression by Western 
blotting 

Antisera against S. aureus HtsA and SirA used in this study were generated previously 

(23, 38). The antisera were used to assess the expression of homologous proteins in S. 

lugdunensis, as described below. 

 For analysis of iron-regulated protein expression in whole-cell lysates, cells were 

grown in C-TMS with or without 50 µM FeCl3 for 24 hours, normalized to an OD600 of 1, 

and lysed. Proteins in lysates were resolved through SDS-polyacrylamide gel 

electrophoresis using a 12% acrylamide resolving gel. For Western immunoblots, 

proteins were transferred from gels to a 45-µm nitrocellulose membrane via standard 

protocols (39). Detection of transferred proteins was performed after blocking the 

membrane at 4oC for 12 hours in PBS containing 10% w/v skim milk and 20% v/v horse 

serum. The membrane was washed and the primary antibody was applied at room 

temperature for 2 hours (1:3,000 dilution) in PBS with 0.05% Tween 20, and 5% horse 

serum. The membrane was washed again, and anti-rabbit IgG conjugated to IRDye 800 

(Li-Cor Biosciences) was used as the secondary antibody, applied at room temperature 
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for 1 hour (1:20,000 dilution), in the same buffer as the primary antibody. Fluorescence 

was analyzed on a Li-Cor Odyssey infrared imager (Li-Cor Biosciences). 

2.2.8 Staphylococcal growth in co-culture 

Staphylococci were grown for 4 hours in C-TMS. Cells were washed three times in C-

TMS and normalized to an OD600 of 1 (S. lugdunensis) or 0.1 (S. aureus). Staphylococci 

were inoculated into 2 mL of medium (80:20 C-TMS:horse serum) either in monoculture 

or in co-culture. For co-cultures, equal volumes of washed cells from each species were 

added. The 2-mL cultures were in 14-mL round-bottom polypropylene tubes and shaken 

at 200 rpm. Samples were taken at time 0, 12, and 24 hours for dilution and plating on 

TSA to obtain values for viable colony-forming units (CFUs). TSA plates were incubated 

at 37oC for 24 hours and subsequently at room temperature for 2 days. Staphylococci 

were distinguished based on colony colour and morphology; S. aureus colonies were 

visibly larger in diameter and with lighter pigmentation, whereas S. lugdunensis colonies 

were distinguishably smaller (approximately ¼ to ½ the diameter of S. aureus colonies) 

and dark yellow under these culture conditions. 

2.2.9 Preparation of hemin and hemoglobin 

A solution of bovine hemin (Sigma Aldrich) was prepared as follows. A stock solution at 

5 mM in 0.1 N NaOH is prepared and vigorous vortexing ensures the hemin is solubilized 

completely. The solution is filtered through 0.2 micron filter. The final concentration of 

hemin, post-filtration, was determined by making dilutions in 0.1 N NaOH and 

measuring the UV-Vis spectra, using the molar extinction coefficient for hemin in 0.1 N 

NaOH of 58400 cm-1 M-1 at 385 nm. Hemin stocks were stored at -20°C. For use in 

growth assays, hemin stocks are diluted in growth media immediately prior to use. 
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 For hemoglobin purification, 25 mL of fresh, heparinized human blood was 

centrifuged at 1500 × g at 4°C for 10 minutes to pellet the erythrocytes. Erythrocytes 

were washed three times in three pellet volumes of ice-cold sterile saline and 

subsequently lysed through resuspension in two pellet volumes of 50 mM Tris pH 8.6, 2 

mM EDTA. Erythrocyte lysis was allowed to proceed for 30 minutes at room 

temperature, mixing periodically by gentle inversion. Cell debris was removed by 

centrifugation at 11000 × g for 30 minutes at 4°C. The supernatant was transferred to a 

fresh tube and solid NaCl was added (50 mg/mL), with mixing by inversion. The stroma 

was then precipitated by centrifugation at 11000 × g for 30 minutes at 4°C. The 

hemoglobin-containing supernatant was dialyzed overnight at 4°C against 50 mM Tris 

pH 8.6, 1 mM EDTA (Buffer A). The dialyzed hemoglobin was passed once through a 

0.4 µM syringe filter prior to purification via anion exchange on a Mono Q HR 16/10 

column (GE Healthcare). Dialyzed hemoglobin solution was loaded in 4-6 mL batches on 

the column and a gradient run using 50 mM Tris pH 8.6, 1 mM EDTA, 0.5M NaCl as 

Buffer B; hemoglobin fraction eluted between 50 – 100 mM NaCl. The purified fractions 

were dialyzed into 50 mM Tris pH 8.0 and sterilized by passage through a 0.4 µM 

syringe filter. Purity was assessed using UV-Vis spectrometry. Briefly, a spectral scan 

was run between 200-800 nm, where a characteristic Soret peak at 415 nm, as well as 

distinct α576 nm and β541 nm bands, and a peak at 345 nm, were indicative of intact ferrous 

oxyhemoglobin. Hemoglobin concentration was determined using published extinction 

coefficients at 560 and 577 nm (40) and was concentrated to 2 mM using Amicon Ultra-

15 centrifugation units (30 kDa NMWL, Millipore).  Small aliquots were flash frozen in a 

dry ice-ethanol bath and stored at -80°C. 
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2.2.10 Assessment of hemin and hemoglobin utilization by S. 
lugdunensis 

In assessing hemin/hemoglobin utilization, single, isolated colonies of S. lugdunensis 

from overnight TSA plates were resuspended in 120 µL RPMIC. 100 µL of this 

suspension was used to inoculate 2 mL RPMIC with 0.1 µM EDDHA, which was grown 

for at least 4 hours until OD600 was approximately 1. Precultures were subcultured 1:400 

into 2 mL aliquots of RPMIC with 1 µM EDDHA and either 1-500 nM human 

hemoglobin, purified as described above, 20-1000 nM hemin, prepared as described 

above, or 1 µM FeSO4. Cultures were incubated with shaking at 200 rpm, in 14-mL 

round-bottom polypropylene tubes. OD600 was assessed at 12, 24, and 36 hours. 

2.3 Results 

2.3.1 Sequence analysis of key iron acquisition loci in S. 
lugdunensis 

S. aureus contains several key iron acquisition loci that are well-characterized. These 

include the isd locus that promotes iron acquisition from heme and hemoglobin, the sfa-

hts locus for synthesis and re-entry of staphyloferrin A (SA), and the sbn-sir locus for 

synthesis and uptake of staphyloferrin B (SB) (18, 19). The genome sequences of S. 

lugdunensis strains N920143 and HKU01-09 indicate that these strains possess htsABC 

genes downstream from an sfa locus (Figure 2-1A), with predicted products that are 

highly similar to the S. aureus HtsABC proteins (Table 2-2). However, in contrast to S. 

aureus, the S. lugdunensis sfa locus in both strains contains a deletion of approximately 

3.3 kb that eliminates the sfaA and sfaD genes, as well as the promoter for the remaining 

sfaBC genes (Figure 2-1A). This suggests that S. lugdunensis does not synthesize SA, yet 

may be able to utilize it as an iron source, via HtsABC, if SA were provided  
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Table 2-2: Similarity of iron-regulated proteins between S. aureus and S. 

lugdunensis. 

Protein % ID / % TS 

HtsA 70/82 

HtsB 60/74 

HtsC 71/87 

SfaB 43/68 

SfaC 57/79 

  SirA 85/92 

SirB 84/94 

SirC 74/84 

  IsdC 57/67 

IsdE 75/85 

IsdB 35/52 

IsdA (Sa) vs IsdJ (Sl) 19/29 

IsdA (Sa) vs IsdK (Sl) 14/31 

 

Abbreviations: ID, identity; TS, total similarity; Sa, S. aureus; Sl, S. lugdunensis 
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exogenously. In contrast to S. aureus, S. lugdunensis lacks the sbn operon, which encodes 

the products responsible for synthesizing SB.  Interestingly, S. lugdunensis possesses 

homologs of the S. aureus sirABC genes (predicted products are highly similar to those 

from S. aureus, see Table 2-2), which encode a SB transporter, and these genes are 

situated immediately downstream of the S. lugdunensis isd locus (Figure 2-1B). In 

comparison to S. lugdunensis N920143, strain HKU01-09 contains an exact, tandem 

duplication of a large region of DNA encompassing the isd-sir locus (Figure 2-1B). 

Together, the sequence analysis of these loci suggests that S. lugdunensis should not be 

able to synthesize either SA or SB, in contrast to S. aureus, which synthesizes and 

secretes both staphyloferrin molecules. On the other hand, we would predict that S. 

lugdunensis should be able to transport iron via these siderophores, as well as acquire 

iron from heme/hemoglobin via Isd proteins. 

2.3.2 S. lugdunensis grows poorly in iron-restricted media, owing 
to a lack of siderophore production 

Our previous studies showed that, in comparison to wildtype S. aureus, mutants lacking 

the ability to synthesize the two staphyloferrin siderophores (i.e. sfa sbn) grow poorly in 

iron-restricted media containing transferrin or serum (as a source of transferrin) (23, 24). 

Given that S. lugdunensis genomic information suggests an inability to produce a 

staphyloferrin siderophore, we compared the growth of S. lugdunensis to that of S. aureus 

and its staphyloferrin-deficient mutants in iron-restricted media. In comparison to 

wildtype S. aureus, S. lugdunensis grew poorly in C-TMS with 20% serum (Figure 2-2A) 

or transferrin (data not shown) and, even after extended incubation periods, never reached 

a final biomass equivalent to that of S. aureus.  
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Figure 2-2: Staphylococcus lugdunensis grows poorly in iron-restricted growth 

media. (A) Growth kinetics comparing S. lugdunensis to that of Staphylococcus 

aureus WT and staphyloferrin A (sfa) and staphyloferrin B (sbn)-deficient mutants in C-

TMS with 20% serum. (B) The growth deficiencies of S. lugdunensis and the S. 

aureus staphyloferrin-deficient mutant in iron-restricted media are complemented with 

addition of 100 µmol/L FeCl3. All data points represent average values for at least three 

independent biological replicates, and error bars represent standard deviation from the 

mean. 
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Indeed, in these culture conditions, S. lugdunensis HKU01-09 (strain HKU01-09 was 

used throughout this study) grew at a slower rate than the S. aureus sfa sbn mutant.  We 

demonstrated that the growth deficiency of S. lugdunensis and S. aureus sfa sbn was due 

to a deficiency in the ability to scavenge trace amounts of iron, since supplementation of 

the growth medium with 100 µM FeCl3 promoted rapid growth of both (Figure 2-2B). 

 In further support of the bioinformatics analyses indicating that S. lugdunensis is 

incapable of staphyloferrin production, the culture supernatants of S. lugdunensis, grown 

in C-TMS, tested negative in the chrome azurol S assay (Figure 2-3A), indicating a lack 

of secreted iron-binding molecules. This is in contrast to the positive result obtained for 

S. aureus culture supernatants grown in the same media and under the same conditions. 

 In support of the result that we could not detect iron-binding molecules in the 

iron-restricted culture supernatant of S. lugdunensis, we demonstrated that concentrated 

culture supernatants of S. lugdunensis were incapable of enhancing iron-restricted growth 

of S. aureus (Figure 2-3B). 

2.3.3 S. lugdunensis HtsABC and SirABC function as transporters 
for staphyloferrins A and B, respectively 

Despite not synthesizing staphyloferrin A, S. lugdunensis has htsABC homologs that, in 

S. aureus, are required for utilization of ferric-SA complexes. Promoters containing 

putative Fur box sequences are found upstream of the htsABC and sirABC operons in S. 

lugdunensis (Figure 2-4A), suggesting that each operon is iron-regulated in a Fur-

dependent fashion. Due to high amino acid sequence similarity of the S. lugdunensis 

HtsA and SirA with the S. aureus homologs (see Table 2-2), antibodies raised against S. 

aureus HtsA and SirA were used to successfully demonstrate iron-regulated expression  
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Figure 2-3: Staphylococcus lugdunensis does not secrete iron-binding compounds, 

and does not support Staphylococcus aureus growth in iron-restricted media. (A) 

Chrome azurol S (CAS) assay demonstrates that culture supernatants of S. 

lugdunensis lack siderophore activity. (B) Agar plate bioassays demonstrate that the 

culture supernatant of S. lugdunensis does not promote the growth of iron-restricted S. 

aureus strains. Ferric citrate was used as a positive control in the experiment. All data 

points represent average values for at least three independent biological replicates, and 

error bars represent standard deviation from the mean. 
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of the S. lugdunensis proteins (Figure 2-4B).  We next deleted the htsABC genes from the 

S. lugdunensis genome and complemented the genes in trans by cloning the htsABC 

genes from S. lugdunensis back into the mutant strain, which restored expression of HtsA 

to the mutant strain (Figure 2-4B). 

 To generate a S. lugdunensis mutant lacking both copies of sirABC, we deleted 

the entire tandemly-duplicated region (Figure 2-1B) from the genome, a deletion of 

approximately 65-kbp. As expected, the mutant failed to express SirA (Figure 2-4B). 

Complementation of this isd-sir deletion strain with the sirABC genes from S. 

lugdunensis restored expression of SirA (Figure 2-4B).   

With mutant and complemented strains in hand, we used them to test the ability of 

the strains to utilize the two staphyloferrin siderophores produced by S. aureus.  As 

shown in Figure 2-5, the ability of S. lugdunensis strains to utilize SA and SB, whether 

provided in concentrated culture supernatants from S. aureus, or as enzymatically-

synthesized molecules (data not shown), was absolutely dependent on the expression of 

htsABC and sirABC, respectively. Moreover, while the growth of S. lugdunensis was 

enhanced when the intact S. aureus sfa gene locus was introduced on a plasmid (Figure 2-

3B), the same plasmid was incapable of complementing the iron-restricted growth defect 

of the S. lugdunensis htsABC mutant (data not shown). Together, these data prove that 

both the HtsABC and the SirABC transporters are functional in S. lugdunensis. 
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Figure 2-4: Expression of Staphylococcus lugdunensis HtsA and SirA homologues is 

iron-regulated. (A) Identification of Fur-boxes upstream of the htsA, sirA and 

isdC genes in S. lugdunensis. Numbers represent the number of identical bases between 

the 19-bp Fur boxes of S. aureus and S. lugdunensis. (B) Western blots demonstrating 

iron-regulated expression of HtsA and SirA, and confirmation of mutations and 

complementation, where pRMC2 is the vehicle control. Cultures were grown in C-TMS 

with (+Fe) or without (−Fe) addition of FeCl3 (25 µmol/L). Mutant samples were all 

grown in C-TMS without addition of iron. 
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Figure 2-5: Plate bioassays demonstrate that Staphylococcus lugdunensis HtsABC 

and SirABC are required for uptake of staphyloferrin A and staphyloferrin B, 

respectively. Water and ferric citrate were used as negative and positive controls, 

respectively. Supernatant extracts supplied were those of Staphylococcus aureus mutants 

that secrete SA (sbn mutant), SB (sfa mutant) or neither SA or SB (sfa sbn mutant). All 

data points represent average values for at least three independent biological replicates, 

and error bars represent standard deviation from the mean. 
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2.3.4 S. aureus enhances S. lugdunensis growth in a 
staphyloferrin-dependent manner 

As shown above, we demonstrated that exogenously added staphyloferrins could promote 

the growth of S. lugdunensis. Knowing this, we next decided to test whether S. aureus, 

which secretes both SA and SB, could augment the growth of S. lugdunensis if they were 

cultured together in iron-restricted growth media. We first optimized culture conditions 

so as to be able to easily discern colonies of S. aureus RN6390 from those of S. 

lugdunensis HKU09-01 on TSA (Figure 2-6A) (see Experimental Procedures for details).  

 Figure 2-6B demonstrates that, when cultured in C-TMS containing 20% serum, 

wildtype S. aureus consistently grows from 2 x 104 CFU/mL to approximately 1 x 109 

CFU/mL within 24 hours, whereas the isogenic staphyloferrin-deficient mutant grows to 

a density of only 1 x 107 CFU/mL over the same time frame.  S. lugdunensis, on the other 

hand, inoculated at a higher cell density of 1 x 106 CFU/mL, only reaches a final cell 

density of less than 1 x 108 CFU/mL in 24 hours. The isogenic S. lugdunensis isd-sir hts 

mutant displays identical growth kinetics in these culture conditions. 

 For co-culture experiments, in pilot studies, we found that we needed to inoculate 

S. lugdunensis at much higher cell densities than S. aureus because S. aureus grows 

significantly faster than S. lugdunensis in these culture conditions.  Data displayed in 

Figure 2-6C demonstrate that, when wildtype S. aureus is co-cultured with wildtype S. 

lugdunensis, S. lugdunensis grew to much higher density, approximately 2 x 108, than 

when cultured on its own (c.f. Figure 2-6B vs Figure 2-6C). We next demonstrated that 

this growth enhancement was due to the use of the S. aureus-produced staphyloferrins by 

S. lugdunensis by use of two complementary experiments (Figure 2-6C). First, wildtype  
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Figure 2-6: Coculture experiments demonstrate that Staphylococcus aureus-

produced siderophores can enhance the iron-restricted growth of Staphylococcus 

lugdunensis. (A) Picture of colonies of S. aureus RN6390 (large and white) and S. 

lugdunensis (smaller and yellow) growing on a TSB plate after 24 h of incubation at 

37°C, followed by 48 h of incubation at room temperature. (B) Growth of individual 

strains in C-TMS + 20% serum was monitored for CFU/mL at 12 and 24 h timepoints. 

(C) Growth of strains in cocultures with the pairs of strains grouped as indicated. All data 

points represent average values for at least three independent biological replicates, and 

error bars represent standard deviation from the mean. The Student's unpaired t-test was 

used to define statistical significance for the CFU values between strains as indicated by 

the brackets. *P < 0.0001. 
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S. aureus did not enhance the growth of the S. lugdunensis isd-sir hts mutant like it did 

wildtype S. lugdunensis. Second, staphyloferrin-deficient S. aureus had no effect on the 

growth of wildtype S. lugdunensis. Together, these data provide convincing evidence that 

S. aureus, through production of SA and SB, enhances the iron-restricted growth of S. 

lugdunensis in a HtsABC- and SirABC-dependent manner, respectively. 

2.3.5 The S. lugdunensis isd-sir mutant is attenuated for utilization 
of heme and hemoglobin 

Having constructed a complete isd locus deletion strain of S. lugdunensis HKU01-09, we 

next evaluated the mutant for its ability to utilize heme and hemoglobin as sole sources of 

iron. Zapotoczna et al. (29) have also recently generated isdB and isd locus deletion 

mutants in S. lugdunensis strain N920143 and shown that the mutants were impaired for 

growth on hemoglobin compared to wildtype. These experiments were performed using a 

single concentration of hemoglobin, and hemin as a sole iron source was not tested. We 

took a more comprehensive approach by examining the growth of the isd-sir deletion 

mutant in iron-starved media containing a range of hemin and hemoglobin 

concentrations, in media that contained enough of the non-metabolizable iron chelator 

EDDHA to completely restrict growth unless an iron source was added. Importantly, 

when FeSO4 was provided as a source of free iron, S. lugdunensis and the isogenic isd-sir 

mutant grew equally well (Figure 2-7A). It is notable that the isd-sir mutant is attenuated 

for growth at all concentrations of hemoglobin tested (500 nM down to 10 nM; 1 nM 

hemoglobin is insufficient to promote growth of wildtype under these conditions), 

especially at 12 hours but also by the 24 hour timepoint (Figure 2-7B). By 36 hours it was  
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Figure 2-7: Growth of Staphylococcus lugdunensis WT and its isogenic Δisd mutant 

using iron, hemoglobin or heme as a sole iron source. Growth of the Δisd-sir mutant 

was compared to that of WT strain HKU09-01 at 12-, 24- and 36-h timepoints in RPMIC 

with 1 µM EDDHA, containing FeSO4 (A) varying concentrations of human hemoglobin, 

(B) or varying concentrations of bovine hemin, (C) as the sole iron source. All data points 

represent average values for at least three independent biological replicates, and error 

bars represent standard deviation from the mean. Statistical significance was determined 

using the Student's unpaired t-test; *P < 0.05; **P < 0.01; ***P < 0.0001. 
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apparent that hemoglobin was beginning to promote the growth of the mutant, especially 

at the higher hemoglobin concentrations. Notably, at the low nM concentrations of 

hemoglobin (i.e. below 50 nM), the isd-sir mutant is significantly attenuated for growth, 

compared to wildtype, even through 36 hours of incubation. 

 A similar growth pattern was observed for the isd-sir mutant when hemin was 

used as the sole iron source (Figure 2-7C). It is apparent that the isd-sir locus provides a 

significant growth advantage to S. lugdunensis at early stages of growth at all 

concentrations tested (up to 1 µM) and continues to provide a significant growth 

advantage to the cells through 36 hours of incubation in the presence of hemin at 

concentrations below 100 nM (Figure 2-7C). 

2.4 Discussion 

S. lugdunensis is a relatively recently recognized bacterium that is both a commensal, and 

an important human pathogen, capable of causing serious infections such as aggressive 

native valve infective endocarditis (IE) (8). That IE caused by S. lugdunensis can occur 

independent of indwelling medical devices differentiates S. lugdunensis from other 

CoNS, and makes it worthy of investigation. Molecular studies of S. lugdunensis are in 

their infancy and, thus, there is a paucity of information concerning important virulence 

factors that underpin the potential of this opportunistic pathogen to cause severe and 

invasive infections. The molecular mechanisms of iron acquisition that are key to the 

biology and infectivity of this bacterium are essentially unknown. Zapotoczna et al. (29) 

examined the role of the iron-regulated surface determinant system in the utilization of 

hemoglobin and found that, in strain N920143, the Isd-dependent heme/hemoglobin 

utilization system is functional by demonstrating that an isd deletion mutant and an isdB 
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mutant were both slightly debilitated for growth on hemoglobin as a sole iron source. 

Moreover, S. lugdunensis IsdG, like its S. aureus counterpart, degrades heme to 

staphylobilin and free iron (26). In this study, we furthered these findings by 

demonstrating that the tandemly-duplicated S. lugdunensis isd locus in strain HKU09-01 

was required for promoting early and rapid growth on a wide range of hemoglobin and 

heme concentrations ranging from 10-500 nM and 50-1000 nM, respectively (Figure 2-

7B and 2-7C), eventually leading to increased bacterial biomass that was sustained 

through 36 hours of incubation, especially at the lower concentrations. It is worth noting 

that these low concentrations of hemoglobin and heme are physiologically relevant, since 

these molecules are removed from circulation in the liver subsequent to being quickly 

bound by haptoglobin and hemopexin, respectively.  

 S. lugdunensis is severely attenuated for growth in iron-restricted media that do 

not contain a readily utilizable iron source such as hemin or hemoglobin. In media 

containing serum or transferrin, for example, S. lugdunensis is severely compromised for 

growth compared to S. aureus. We have shown that this growth defect is readily 

corrected with excess iron, indicating an inability to attain iron from the media. Based 

upon previous studies, it is known that the sfa gene cluster from S. aureus is both 

necessary, based on the phenotype of sfa mutants (23) and sufficient, based on 

heterologous cloning in E. coli (41) for staphyloferrin A synthesis. S. lugdunensis 

supernatant lacks siderophore activity (Figure 2-3A) and does not support iron-restricted 

S. aureus growth (Figure 2-3B), indicating a lack of staphyloferrins A and B.  

That the sfa deletion is found in both S. lugdunensis strains where genome 

sequence is available suggests that this deletion may be common to the species. The 
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deletion (see Figure 2-1A) removes the promoter for each of the two transcripts sfaD and 

sfaABC, and also completely removes the sfaA and sfaD genes, encoding the putative SA 

efflux pump (SfaA) and one of the synthetases that joins a citrate molecule to the δ-amine 

of D-ornithine to form the first amide intermediate of staphyloferrin A (41). Studies in 

the early 1990s identified staphyloferrin A in culture supernatants of many species of 

staphylococci, whereas staphyloferrin B was found in supernatants of fewer species (42, 

43). Of the species tested, which did not include a S. lugdunensis representative, only S. 

sciuri and S. hominis were found incapable of producing either siderophore, but only one 

strain was tested from each of these species and the result may not reflect the capabilities 

of the species overall. Based on available genomic data, on the other hand, S. lugdunensis 

(genome data exist for strains N920143 and HKU09-01) appears to be unique amongst 

the staphylococci in its inability to synthesize at least one of the two staphyloferrin 

molecules. This would imply that, if other S. lugdunensis strains also lack these loci, the 

species causes opportunistic infections independent of siderophore production, and would 

presumably rely on either heme acquisition or uptake of xenosiderophores to satisfy its 

iron requirements throughout the various stages of colonization and infection. Genomic 

information identifies that S. lugdunensis has homologs of fhuCBG and sstABCD where 

predicted products share high levels of similarity with those in S. aureus (24, 35).  This 

would indicate that S. lugdunensis is capable of using hydroxamates (via FhuCBG) and 

catechols/catecholamines as means to acquire iron. The S. lugdunensis FhuC ATPase 

shares greater than 95% similarity with its S. aureus counterpart and we hypothesize that 

this ATPase is, like in S. aureus (44), important for providing the energy for not only the 
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uptake of hydroxamate siderophores, but also the staphyloferrins through HtsABC and 

SirABC.  

Interestingly, despite its noted ability to cause serious infection in humans, S. 

lugdunensis N920143 was reported to cause only very mild infection in a rat model of 

endocarditis, much milder than that which would be caused by equivalent CFUs of S. 

aureus (25).  In pilot experiments we, too, noted a relative lack of virulence of S. 

lugdunensis HKU09-01, using a mouse model of hematogenous spread. Mice challenged 

with up to of 1 × 108 CFUs showed no overt signs of illness, and continued to gain 

weight, despite detectable counts in the kidneys for at least 7 days following bacterial 

challenge via tail vein. This contrasts from the course of disease that would be caused by 

a much lower dose of S. aureus.  As noted previously (8, 25, 27, 28), the S. lugdunensis 

genome indicates an absence of orthologues of well-characterized S. aureus toxin and 

immune evasion encoding genes, suggestive of a limited capacity to cause severe disease, 

at least in comparison to S. aureus.  

 That S. lugdunensis has retained the transport machinery for both staphyloferrin A 

and staphyloferrin B is interesting, despite an inability to synthesize either siderophore. 

This may represent a mechanism for scavenging these iron-binding molecules produced 

by other species of staphylococci, including S. aureus. Indeed, our data show that co-

culture of the two bacteria in the same iron-limited growth media enhanced the growth of 

S. lugdunensis by at least one log. This growth enhancement was due to S. lugdunensis' 

ability to scavenge the S. aureus staphyloferrins in an Hts- and Sir-dependent manner. 

We speculate that this is a viable 'opportunistic' strategy used by S. lugdunensis in vivo.  

Although S. lugdunensis predominantly inhabits lower parts of the human body (i.e. the 
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perineum) (9) and S. aureus largely inhabits the nares, both species are present to some 

degree over the entire external surface of the body (45–47). Indeed, S. lugdunensis is 

recovered with other bacteria in approximately 60% of infections, including co-

occurrence with S. aureus and other staphylococci (7). It may be that over time S. 

lugdunensis has evolved to simply steal siderophores produced by other species of 

bacteria, including S. aureus, and in these situations is more capable of causing 

opportunistic infections of humans. 

 

 

 

 

 

 

 

 

 

 

 



139 

 

2.5 References 
 
1.  Freney J, Brun Y, Bes M, Meugnier H, Grimont F, Grimont PAD, Nervi C, 

Fleurette J. 1988. Staphylococcus lugdunensis sp. nov. and Staphylococcus 
schleiferi sp. nov., Two Species from Human Clinical Specimens. Int J Syst 
Bacteriol 38:168–172. 

 
2.  Rosenstein R, Götz F. 2013. What distinguishes highly pathogenic staphylococci 

from medium- and non-pathogenic? Curr Top Microbiol Immunol 358:33–89. 
 
3.  Anguera I, Del Río A, Miró JM, Matínez-Lacasa X, Marco F, Gumá JR, 

Quaglio G, Claramonte X, Moreno A, Mestres CA, Mauri E, Azqueta M, 
Benito N, García-de la María C, Almela M, Jiménez-Expósito M-J, Sued O, 
De Lazzari E, Gatell JM. 2005. Staphylococcus lugdunensis infective 
endocarditis: description of 10 cases and analysis of native valve, prosthetic valve, 
and pacemaker lead endocarditis clinical profiles. Heart 91:e10. 

 
4.  Arias M, Tena D, Apellániz M, Asensio MP, Caballero P, Hernández C, 

Tejedor F, Bisquert J. 2010. Skin and soft tissue infections caused by 
Staphylococcus lugdunensis: report of 20 cases. Scand J Infect Dis 42:879–884. 

 
5.  Kleiner E, Monk AB, Archer GL, Forbes BA. 2010. Clinical significance of 

Staphylococcus lugdunensis isolated from routine cultures. Clin Infect Dis 51:801–
803. 

 
6.  Sotutu V, Carapetis J, Wilkinson J, Davis A, Curtis N. 2002. The “surreptitious 

Staphylococcus”: Staphylococcus lugdunensis endocarditis in a child. Pediatr 
Infect Dis J 21:984–986. 

 
7.  Herchline TE, Ayers LW. 1991. Occurrence of Staphylococcus lugdunensis in 

consecutive clinical cultures and relationship of isolation to infection. J Clin 
Microbiol 29:419–421. 

 
8.  Frank KL, Del Pozo JL, Patel R. 2008. From clinical microbiology to infection 

pathogenesis: How daring to be different works for Staphylococcus lugdunensis. 
Clin Microbiol Rev. 

 
9.  Böcher S, Tønning B, Skov RL, Prag J. 2009. Staphylococcus lugdunensis, a 

common cause of skin and soft tissue infections in the community. J Clin 
Microbiol 47:946–950. 

 
10.  Ratledge C, Dover LG. 2000. Iron metabolism in pathogenic bacteria. Annu Rev 

Microbiol 54:881–941. 
 
11.  Gomme PT, McCann KB, Bertolini J. 2005. Transferrin: structure, function and 

potential therapeutic actions. Drug Discov Today 10:267–73. 



140 

 

 
12.  Pishchany G, Skaar EP. 2012. Taste for blood: hemoglobin as a nutrient source 

for pathogens. PLoS Pathog 8:e1002535. 
 
13.  Hood MI, Skaar EP. 2012. Nutritional immunity: transition metals at the 

pathogen-host interface. Nat Rev Microbiol 10:525–537. 
 
14.  Mazmanian SK, Ton-That H, Su K, Schneewind O. 2002. An iron-regulated 

sortase anchors a class of surface protein during Staphylococcus aureus 
pathogenesis. Proc Natl Acad Sci USA 99:2293–2298. 

 
15.  Mazmanian SK, Skaar EP, Gaspar AH, Humayun M, Gornicki P, Jelenska J, 

Joachmiak A, Missiakas DM, Schneewind O. 2003. Passage of Heme-Iron 
Across the Envelope of Staphylococcus aureus. Science (80- ) 299:906–909. 

 
16.  Grigg JC, Ukpabi G, Gaudin CFM, Murphy MEP. 2010. Structural biology of 

heme binding in the Staphylococcus aureus Isd system. J Inorg Biochem 104:341–
348. 

 
17.  Skaar EP, Schneewind O. 2004. Iron-regulated surface determinants (Isd) of 

Staphylococcus aureus: stealing iron from heme. Microbes Infect 6:390–397. 
 
18.  Beasley FC, Heinrichs DE. 2010. Siderophore-mediated iron acquisition in the 

Staphylococci. J Inorg Biochem 104:282–8. 
 
19.  Hammer ND, Skaar EP. 2011. Molecular mechanisms of Staphylococcus aureus 

iron acquisition. Annu Rev Microbiol 65:129–147. 
 
20.  Grigg JC, Cooper JD, Cheung J, Heinrichs DE, Murphy MEP. 2010. The 

Staphylococcus aureus siderophore receptor HtsA undergoes localized 
conformational changes to enclose staphyloferrin a in an arginine-rich binding 
pocket. J Biol Chem 285:11162–11171. 

 
21.  Grigg JC, Cheung J, Heinrichs DE, Murphy MEP. 2010. Specificity of 

staphyloferrin B recognition by the SirA receptor from Staphylococcus aureus. J 
Biol Chem 285:34579–34588. 

 
22.  Beasley FC, Cheung J, Heinrichs DE. 2011. Mutation of L-2,3-diaminopropionic 

acid synthase genes blocks staphyloferrin B synthesis in Staphylococcus aureus. 
BMC Microbiol 11:199. 

 
23.  Beasley FC, Vinés ED, Grigg JC, Zheng Q, Liu S, Lajoie GA, Murphy MEP, 

Heinrichs DE. 2009. Characterization of staphyloferrin A biosynthetic and 
transport mutants in Staphylococcus aureus. Mol Microbiol 72:947–963. 

 
24.  Beasley FC, Marolda CL, Cheung J, Buac S, Heinrichs DE. 2011. 



141 

 

Staphylococcus aureus transporters Hts, Sir, and Sst capture iron liberated from 
human transferrin by staphyloferrin A, staphyloferrin B, and catecholamine stress 
hormones, respectively, and contribute to virulence. Infect Immun 79:2345–2355. 

 
25.  Heilbronner S, Hanses F, Monk IR, Speziale P, Foster TJ. 2013. Sortase A 

promotes virulence in experimental Staphylococcus lugdunensis endocarditis. 
Microbiology 159:2141–2152. 

 
26.  Haley KP, Janson EM, Heilbronner S, Foster TJ, Skaar EP. 2011. 

Staphylococcus lugdunensis IsdG liberates iron from host heme. J Bacteriol 
193:4749–4757. 

 
27.  Heilbronner S, Holden MTG, van Tonder A, Geoghegan JA, Foster TJ, 

Parkhill J, Bentley SD. 2011. Genome sequence of Staphylococcus lugdunensis 
N920143 allows identification of putative colonization and virulence factors. 
FEMS Microbiol Lett 322:60–67. 

 
28.  Tse H, Tsoi HW, Leung SP, Lau SKP, Woo PCY, Yuen KY. 2010. Complete 

genome sequence of Staphylococcus lugdunensis strain HKU09-01. J Bacteriol 
192:1471–1472. 

 
29.  Zapotoczna M, Heilbronner S, Speziale P, Foster TJ. 2012. Iron-regulated 

surface determinant (Isd) proteins of Staphylococcus lugdunensis. J Bacteriol 
194:6453–6467. 

 
30.  Sebulsky MT, Speziali CD, Shilton BH, Edgell DR, Heinrichs DE. 2004. 

FhuD1, a ferric hydroxamate-binding lipoprotein in Staphylococcus aureus: a case 
of gene duplication and lateral transfer. J Biol Chem 279:53152–53159. 

 
31.  Kreiswirth BN, Löfdahl S, Betley MJ, O’Reilly M, Schlievert PM, Bergdoll 

MS, Novick RP. 1983. The toxic shock syndrome exotoxin structural gene is not 
detectably transmitted by a prophage. Nature 305:709–712. 

 
32.  Peng HL, Novick RP, Kreiswirth B, Kornblum J, Schlievert P. 1988. Cloning, 

characterization, and sequencing of an accessory gene regulator (agr) in 
Staphylococcus aureus. J Bacteriol 170:4365–72. 

 
33.  Bae T, Schneewind O. 2006. Allelic replacement in Staphylococcus aureus with 

inducible counter-selection. Plasmid 55:58–63. 
 
34.  Corrigan RM, Foster TJ. 2009. An improved tetracycline-inducible expression 

vector for Staphylococcus aureus. Plasmid 61:126–129. 
 
35.  Sebulsky MT, Hohnstein D, Hunter MD, Heinrichs DE. 2000. Identification 

and Characterization of a Membrane Permease Involved in Iron-Hydroxamate 
Transport in Staphylococcus aureus. J Bacteriol 182:4394–4400. 



142 

 

 
36.  Cheung J, Beasley FC, Liu S, Lajoie GA, Heinrichs DE. 2009. Molecular 

characterization of staphyloferrin B biosynthesis in Staphylococcus aureus. Mol 
Microbiol 74:594–608. 

 
37.  Schwyn B, Neilands JB. 1987. Universal chemical assay for the detection and 

determination of siderophores. Anal Biochem 160:47–56. 
 
38.  Dale SE, Sebulsky MT, Heinrichs DE. 2004. Involvement of SirABC in iron-

siderophore import in Staphylococcus aureus. J Bacteriol 186:8356–8362. 
 
39.  Sambrook, J; Frisch EFMT. 1989. Molecular Cloning: A laboratory 

manual.Cold Spring Harbour. 2nd ed. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, NY. 

 
40.  Winterbourn CC, McGrath BM, Carrell RW. 1976. Reactions involving 

superoxide and normal and unstable haemoglobins. Biochem J 155:493–502. 
 
41.  Cotton JL, Tao J, Balibar CJ. 2009. Identification and characterization of the 

Staphylococcus aureus gene cluster coding for staphyloferrin A. Biochemistry 
48:1025–1035. 

 
42.  Meiwes J, Fiedler HP, Haag H, Zahner H, Konetschnyrapp S, Jung G. 1990. 

Isolation and characterization of staphyloferrin-A, a compound with siderophore 
activity from Staphylococcus Hyicus DSM-20459. Fems Microbiol Lett 67:201–
205. 

 
43.  Haag H, Fiedler HP, Meiwes J, Drechsel H, Jung G, Zähner H. 1994. Isolation 

and biological characterization of staphyloferrin B, a compound with siderophore 
activity from Staphylococci. FEMS Microbiol Lett 115:125–30. 

 
44.  Speziali CD, Dale SE, Henderson JA, Vinés ED, Heinrichs DE. 2006. 

Requirement of Staphylococcus aureus ATP-binding cassette-ATPase FhuC for 
iron-restricted growth and evidence that it functions with more than one iron 
transporter. J Bacteriol 188:2048–2055. 

 
45.  Bellamy R, Barkham T. 2002. Staphylococcus lugdunensis infection sites: 

predominance of abscesses in the pelvic girdle region. Clin Infect Dis 35:E32–
E34. 

 
46.  Bieber L, Kahlmeter G. 2010. Staphylococcus lugdunensis in several niches of 

the normal skin flora. Clin Microbiol Infect 16:385–388. 
 
47.  Edwards AM, Massey RC, Clarke SR. 2012. Molecular mechanisms of 

Staphylococcus aureus nasopharyngeal colonization. Mol Oral Microbiol 27:1–10. 
 



143 

 

3  

 

 

 

Chapter 3 

Ferric hydroxamate and stress hormone acquisition by 

Staphylococcus lugdunensis 

 

 

 

 

 

 

 

 

 



144 

 

3.1 Introduction 

Iron is an essential nutrient for nearly all forms of life as it is required for cellular 

processes including amino acid, DNA synthesis and respiration. In aerobic conditions, 

ferric iron (FeIII) is insoluble at neutral pH and the concentration of free iron is well 

below the requirement to support microbial growth (1). Ferrous iron (FeII) is able to 

catalyze the formation of free radicals which elicit macromolecular damage on cells (2). 

Iron within mammals is sequestered in order to alleviate toxicity and purpose it for 

cellular processes. The majority of iron within the host is bound within heme in 

hemoglobin, predominantly found within circulating erythrocytes (3). Alternatively, iron 

may be bound within the intracellular iron-storage protein ferritin, or sequestered by 

extracellular glycoproteins such as transferrin and lactoferrin (1, 4). Transferrin has a 

high binding affinity for ferric iron (KD of approximately 10-22 M) and is the primary 

iron-sequestration factor in vertebrate serum (5). As such, the circulating concentration of 

free iron is well below the requirement to support invading pathogen growth, and iron 

sequestration by the host remains an important form of nutritional immunity (1).  

 Staphylococcus lugdunensis, like several other coagulase-negative staphylococci 

(CoNS), is a human skin commensal. However, it is also regarded as an emerging 

pathogen with elevated virulence compared to other species of CoNS. Infections are 

reminiscent of those caused by S. aureus and when host external protective barriers are 

breached, S. lugdunensis is able to cause an array of distinct infections including skin and 

soft tissue infections (SSTIs), bacteremia, pneumonia, and osteomyelitis (6–9). Although 

most commonly associated with SSTIs, S. lugdunensis is best known for causing 

aggressive infective endocarditis, which can bear a mortality rate of up to 50% (10, 11). 
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Additionally, many reports detail S. lugdunensis endocarditis following skin trauma or 

surgical procedures including vasectomy and kidney transplant (9, 12–14). The versatility 

of this pathogen to colonize different host niches likely requires S. lugdunensis to adapt 

its cellular physiology to overcome challenges presented in these diverse environments, 

including iron limitation. As such, the ability to acquire host iron as an essential nutrient 

must contribute to growth promotion of S. lugdunensis in various host niches. 

 Many pathogens overcome host iron limitation through the ability to acquire 

heme from hemoglobin (15, 16). The iron-regulated surface determinant (Isd) system was 

first identified in S. aureus and acts as a multiprotein transport pathway to exploit host 

hemoglobin to acquire heme-iron (17, 18). The Isd pathway is able to extract heme from 

hemoglobin at the bacterial cell surface and transport it across the cell wall and through 

the cytoplasmic membrane into the cytoplasm, using a consort of proteins (19–22). 

Function of the Isd system in S. aureus is critical to its pathogenesis, and S. lugdunensis 

is unique among CoNS to encode a similar pathway (23–26). The S. lugdunensis Isd 

system is not nearly as well characterized, however studies have shown that it does 

function to acquire heme and hemoglobin-iron at nanomolar concentrations, for growth 

under iron-limitation (27–29).  

Another strategy of iron acquisition is the removal of iron from glycoproteins, 

such as transferrin, via secreted siderophores (low molecular weight, high affinity FeIII 

chelators) (30). S. aureus elaborates the siderophores staphyloferrin A (SA) and 

staphyloferrin B (SB), of which biosynthetic proteins are encoded by sfa and sbn loci, 

respectively (31, 32). SA is transported into the cell by HtsABC and SB is transported 

through SirABC, each of which are encoded by loci adjacent to their respective cognate 
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siderophore biosynthetic genes (33, 34). Although both SA and SB are required for 

optimal growth of S. aureus in human serum, SB is thought to be the more predominant 

of the two during systemic infection, whereas SA has been found to contribute to the 

formation of subcutaneous lesions in S. aureus-infected mice (16, 35). Contrary to other 

staphylococci, S. lugdunensis is unable to produce either SA or SB, due to gene deletions, 

contributing to its inability to grow in animal serum, although it has retained the transport 

pathways for both of these siderophores (28).  

In addition to SA and SB, S. aureus can also capture xenosiderophores bearing 

hydroxamate moieties through the use of the ferric hydroxamate uptake (Fhu) pathway 

(31, 36, 37). Furthermore, the iron-withholding capability of serum may be compromised 

by host-produced stress hormones (catecholamines), which are able to reduce FeIII 

within transferrin to FeII, thereby releasing it (38–42). Catecholamine stress hormones 

are able to form 2:1 or 3:1 complexes with FeIII and may provide iron as a 

‘pseudosiderophore’ to bacteria expressing catechol transport systems. It has been shown 

that S. aureus employs the Sst transporter to acquire catecholamine-iron for growth in 

low-iron environments (41). There exists a paucity of information regarding the 

mechanisms of iron acquisition in S. lugdunensis and their role in virulence.   

In this study we investigate iron procurement strategies of S. lugdunensis by 

characterizing siderophore and host stress hormone acquisition strategies. We 

demonstrate that fhuC is required for acquisition of hydroxamate and polycarboxylate 

(SA and SB) siderophores. Furthermore, we examine the role of the inexact-duplicated 

Sst gene sets in S. lugdunensis, finding differences in ligand-binding affinity and 

expression pattern between the two. Additionally, we utilize a novel S. lugdunensis 



147 

 

systemic murine infection model to demonstrate that a isd fhuC sst mutant is impaired for 

growth in kidneys, and for inducing weight loss.  

3.2 Experimental procedures 

3.2.1 Bacterial strains and media 

Bacterial strains and vectors employed in this study are summarized in Table 3-1. 

Escherichia coli strains were grown in Luria-Bertani broth (LB, BD Diagnostics) or on 

LB agar. For routine culture and genetic manipulation, S. lugdunensis and S. aureus 

strains were cultured in tryptic soy broth/agar (TSB/TSA; BD Diagnostics) or on TSB 

agar. For growth experiments, S. lugdunensis and S. aureus were cultured in: (i) RPMI 

1640 (Life Technologies) supplemented with 1% w/v casamino acids (BD Diagnostics) 

(RPMIC) and ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDHA; LGC 

Standards GmbH); (ii) Tris-minimal succinate (TMS) broth/agar (43); (iii) TMS treated 

with 5% (w/v) Chelex-100 resin (Bio-Rad) at 4°C for 24 hours (C-TMS); or (iv) an 80:20 

mixture of C-TMS and complement-inactivated horse serum (Sigma Aldrich). Bacteria 

were cultured at 37°C with shaking at 220 rpm unless otherwise indicated. For E. coli 

selection, 100 µg mL-1 ampicillin or 30 µg mL-1 kanamycin were used. For S. 

lugdunensis and S. aureus selection, 10 µg mL-1 chloramphenicol was used.  

3.2.2 Real-time PCR 

Quantitative real-time PCR was performed as previously described (35). Briefly, S. 

lugdunensis HKU09-01 RNA was prepared from triplicate 3 mL cultures grown in C-

TMS or C-TMS with 100 µM FeCl3. Cultures were harvested to an OD600 of 3.0 and 

RNA was extracted using the Aurum Total RNA Mini Kit (BioRad). 500 ng extracted  
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Table 3-1: Bacterial strains, plasmids and oligonucleotides used in this study. 

Bacterial strain, 

plasmid or 

oligonucleotide 

Descriptiona Source or 

reference 

Strains   

E. coli 

DH5α Φf80dlacZΔM15 recA1 endA1 gyrAB thi-1 

hsdR17(rK
− mK

−) supE44 relA1 deoR Δ(lacZYA-

argF)U169 

Promega 

BL21λ(DE3) F−ompThsdSB(rB
− mB

−) dcmgal λ(DE3) Novagen 

H3320 BL21λ(DE3) pET28::sst1D; KmR This study 

H3321 BL21λ(DE3) pET28::sst2D; KmR This study 

S. lugdunensis 

HKU09-01 Human skin infection isolate (25) 

H2710 HKU09-01 Δisd-sir (28) 

H2970 HKU09-01 ΔfhuC This study 

H3016 HKU09-01 Δsst This study 

H3325 HKU09-01 Δisd-sir ΔfhuC Δsst This study 
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H3316 HKU09-01 ΔfhuC pRMC empty vector control; 

CmR 

This study 

H3317 HKU09-01 ΔfhuC pRMC::fhuC (pfhuC); CmR This study 

S. aureus 

RN4220 Prophage-cured laboratory strain; rK
− mK

+; 

accepts foreign DNA 

(44) 

H1666 Newman ΔsbnABCDEFGHI::Tc 

ΔsfaABCsfaD::Km; TcR KmR 

(41) 

H2224 Newman ΔsstABCD::Em 

ΔsbnABCDEFGHI::Tc ΔsfaABCsfaD::Km; 

EmR TcR KmR  

(41) 

H3311 H1666 pRMC empty vector control; TcR KmR 

CmR 

This study 

H3312 H2224 pRMC empty vector control; EmR TcR 

KmR CmR 

This study 

H3313 H2224 pRMC::sst1; sst mutant complemented 

with S.lugdunensis sst1ABCD; EmR TcR KmR 

CmR 

This study 

H3314 H2224 pRMC::sst2; sst mutant complemented 

with S.lugdunensis sst2ABCD; EmR TcR KmR 

CmR 

This study 
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Plasmids 

pKOR1 E. coli/Staphylococcus shuttle vector allowing 

allelic replacement in staphylococci; ApR CmR 

(45) 

pKOR1ΔfhuC pKOR1 plasmid for in-frame deletion of fhuC; 

ApR CmR 

This study 

pKOR1Δsst pKOR1 plasmid for deletion of genetic region 

encompassing  duplicated sstABCD; ApR CmR   

This study 

pRMC2 E. coli/Staphylococcus shuttle vector: ApR CmR (46) 

pRMC2::fhuC pRMC2 derivative for fhuC expression; ApR 

CmR 

This study 

pRMC2::sst1 pRMC2 derivative for sst1ABCD expression; 

ApR CmR 

This study 

pRMC2::sst2 pRMC2 derivative for sst2ABCD expression; 

ApR CmR 

This study  

pET28a(+) E. coli vector for overexpression of recombinant 

hexahistidine-tagged proteins; KmR 

Novagen 

pET28::sst1D pET28a(+) derivative encoding N-terminally 

hexahistidine-tagged soluble portion of Sst1D; 

KmR 

This study 
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pET28::sst2D pET28a(+) derivative encoding N-terminally 

hexahistidine-tagged soluble portion of Sst2D; 

KmR 

This study 

Oligonucleotidesb,c 

Purpose Sequence (5'-3') 

Primers for generating 

upstream and 

downstream 

recombinant regions 

for ΔfhuC using 

pKOR1 

(AttB1)-fhuCUF:GGGGACAAGTTTGTACAAAAAAGCAGGCT 

CTTGGTATTGGGATAATCG 

fhuCUR: GTTGTCCATTCAAGCGAC 

fhuCDF:Phos/CAGGCAAACCATTATTAGTTACC 

(AttB2)-

fhuCDR:GGGGACCACTTTGTACAAGAAAGCTGGGT 

TGTCAATGGCAATACTTTAG 

Primers for generating 

upstream and 

downstream 

recombinant regions 

for Δsst using pKOR1 

(AttB1)-sstUF:GGGGACAAGTTTGTACAAAAAAGCAGGCT 

TATTGCTCGGGTATCAAG 

sstUR: GCCAACAAACAATGAAATG 

sstDF: Phos/AAATCATCAGCCAAACAGG 

(AttB2)-sstDR:GGGGACCACTTTGTACAAGAAAGCTGGGT 

AAACACGCTGGCTTTATG 

Primers for cloning 

fhuC into pRMC2 for 

complementation 

KpnI-fhuCF: 

GATCGGTACCAAGACGCAAGTGTCAAGAG 

SacI-fhuCR: 
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GATCGAGCTCACAGCACCTAAATCTCTTGG 

 

Primers for cloning 

sst1 into pRMC2 for 

complementation 

KpnI-sst1F: GATCGGTACCTGCCTTAGACACAACGAC 

SacI-sst1R: GATCGAGCTCGACTCGTAAGAAAGCAAACC 

Primers for cloning 

sst2 into pRMC2 for 

complementation 

EcoRI-sst2F: GATCGAATTCAGGTTCTGTTGTTGGTGG 

EcoRI-sst2R: GATCGAATTCTAAATGTTGTCCCGCTCC 

Primers for cloning 

sst1D into pET28a(+) 

for overexpression 

NdeI-sst1DF: 

GATCCATATGGAAACAAAGAGTGGCGAATCA 

SacI-sst1DR: 

GATCGAGCTCGGAATGATATCCCCACTTCA 

Primers for cloning 

sst2D into pET28a(+) 

for overexpression 

NdeI-sst2DF: 

GATCCATATGAGCTCAGATGCTAAGTCATCA 

SacI-sst2DR: 

GATCGAGCTCGCTAAACAAGATGTCTTGAAAT 

Primers for RT-PCR 

of rpoB 

F: AGAGAAAGACGGCACTGAAAACAC 

R: ATAACGACCCACGCTTGCTAAG 

Primers for RT-PCR 

of fhuC 

F: TGGACCAAATGGATGTGG 

R: GCTACTTCTGGAGATTGTGG 

Primers for RT-PCR F: CTCGTTTGCTTTCCTCAAG 
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a ApR, CmR, KmR, EmR and TcR; resistance to ampicillin, chloramphenicol, kanamycin, 

erythromycin and tetracycline, respectively.  
b Restriction sites for cloning are underlined.  
c Phos/ denotes a 5' phosphate on the primer. 

 

 

 

of sst1A 
R: TGCCACCCAACATAATACC 

Primers for RT-PCR 

of sst2A 

F: GGCATTATGTTAGGTGGTATTG 

R: CGTCCACTTGTAATAATGGC 

Primers to confirm 

deletion of sfaDA 

F: TGATAGTTTCTCTAATGCGTTCTC 

R: CAGAATACATCAAATCTTGCG 

Primers to confirm 

presence of isdJK 

F: GAATGATTTCCACCAGTCAG 

R: GTTTCCCTTGAATCGTGAC 

Primers to confirm 

presence of sirABC 

F: TACTGCTCCAAAATCCCC 

R: TTTAGCGTGCGGTATGTC 

Primers to confirm 

duplicated sstABCD 

F: GAGTTATCAACATTCGGC 

R: AAGGGTCACTAACACATAG 
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RNA was reverse-transcribed and PCR-amplified using iScriptTM One-Step RT-PCR Kit 

with SYBR Green (Bio-Rad) and primers outlined in Table 3-1. Data were normalized 

relative to expression of the rpoB housekeeping gene. 

3.2.3 Blood cultures 

The growth of several S. lugdunensis strains was assessed in iron-restricted media with 

blood as a sole iron source. Single, isolated colonies were resuspended in 2 mL RPMIC 

with 0.1 µM EDDHA and incubated for at least 4 hours until OD600 was about 2. Cultures 

were normalized to an OD600 of 1 and 5 µL was subcultured into 2 mL culture medium 

for a starting bacterial density of 2-5 x 106 CFU/mL. Culture medium consisted of 2 mL 

RPMIC with 1 µM EDDHA and 0.001% fresh, whole human blood from healthy 

volunteer donors, with or without addition of 50 µM FeCl3. Cultures were grown at 37°C 

on a rotisserie for 20 hours prior to dilution and spot plating on TSA for bacterial 

enumeration. 

3.2.4 Molecular genetic methods 

For in-frame deletion of fhuC and deletion of the tandem-duplicated sstABCD regions 

(Δsst) in S. lugdunensis, allelic replacement using the pKOR1 vector was performed as 

described previously (45). Briefly, 500 – 1,000-bp DNA fragments flanking regions of 

interest were amplified using the primers found in Table 3-1. Upstream and downstream 

flanking amplicons were cloned into pKOR1. Knockout vectors were passaged through S. 

aureus RN4220 before introduction into S. lugdunensis by electroporation of 4µg DNA 

(47, 48). Plasmids were integrated onto the genome at 43°C in the presence of 

chloramphenicol prior to counter-selection at 30°C in the presence of anhydrotetracycline 

(200 ng mL-1). Chloramphenicol-sensitive colonies were chosen for screening by PCR 
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across the deleted region in the chromosome, which was further confirmed by sequencing 

(45). The same process was used over to generate multiple deletions in one strain. 

For complementation, S. lugdunensis fhuC, sstA1B1C1D1 and sstA2B2C2D2 

were cloned with each respective native promoter, using primers described in Table 3-1. 

Amplicons were cloned into pRMC2 for creation of pfhuC, psst1 and psst2, further 

electroporated into target strains. For sstA2B2C2D2 cloning into pRMC2, alkaline 

phosphatase treatment (Antarctic phosphatase; New England BioLabs) was performed 

post-digestion to prevent self-ligation of the insert (both ends bear EcoRI cut sites). 

3.2.5 Siderophore preparation and plate bioassays 

S. aureus concentrated culture supernatants  were prepared from Δsbn, Δsfa, and 

ΔsbnΔsfa mutants, respectively, as described previously (31). Strains were grown in C-

TMS with aeration for 36 hours prior to removal of cells. Supernatants were lyophilized 

and insoluble matter was removed by methanol extraction (one-fifth original culture 

volume). Methanol was removed by rotary evaporation, and dried material was 

resuspended in water to one-tenth culture volume to provide culture extracts. 

Staphyloferrin B was prepared in-vitro enzymatically, as described previously (32, 34, 

49). Enzymes were removed from the reaction mixture using an Amicon Ultra-0.5 10k 

filter column (Millipore) and the Staphyloferrin B reaction mixture was normalized to 

Deferoxamine (DFO, London Health Sciences Center) equivalents as determined using 

the chrome azurol S (CAS) siderophore detection assay (50). Staphyloferrin A was 

commercially prepared by Indus BioSciences (India). Ferric –enterobactin, -salmochelin 

S4, -aerobactin and coprogen were purchased from EMC Microcollections. Ferrichrome 

was purchased from Sigma, whereas citrate was purchased from Fisher Scientific.  
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The ability of culture supernatants and purified siderophores to support S. 

lugdunensis iron-restricted growth was assessed with agar plates using plate-based disk 

diffusion bioassays (28, 51). Briefly, 1 x 104 S. lugdunensis cells were incorporated into 

TMS-agar containing 5 µM ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDHA, 

LGC Standards GmbH). Siderophores/supernatants applied to sterile paper disks were 

placed onto the agar, and growth around disks was measured after 24 hours at 37°C. 

3.2.6 Iron-regulated protein expression by S. lugdunensis 

Antisera against S. aureus SstD, used in this study, was previously prepared (41). This 

antisera was used for analysis of iron-regulated SstD expression in S. lugdunensis. Cells 

were grown in C-TMS with or without 100µM FeCl3 for 24 hours, normalized and lysed 

with lysostaphin (Sigma). Whole cell lysates were normalized to 8 µg total protein and 

resolved by SDS-polyacrylamide gel electrophoresis. Western blotting was performed as 

previously described (28). The membrane was blocked in phosphate buffered saline 

(PBS) with 10% (w/v) skim milk, 0.05% Tween 20 and 20% (v/v) horse serum. 

Antiserum was applied at a 1:5,000 dilution in PBS with 0.05% Tween 20 and 5% horse 

serum, prior to addition of anti-rabbit IgG conjugated to IRDye-800 (1:20,000 dilution; 

Li-Cor Biosciences). The membrane was washed between each step. Fluorescence 

imaging was performed using a Li-Cor Odyssey infrared imager (Li-Cor Biosciences). 

3.2.7 Growth curves 

Growth of S. lugdunensis and S. aureus strains was assessed in C-TMS with serum. 

Single, isolated colonies were resuspended in 2 mL C-TMS and grown for over 4 hours 

until OD600 was above 1. Each culture was normalized to an OD600 of 1 and subcultured 

1:200 in C-TMS:horse serum. Wildtype S. lugdunensis as well as S. aureus strains 
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bearing Δsbn and Δsfa mutations, are impaired for growth in this media compared to 

siderophore-producing strains (28, 31). Human stress hormones were added to the media 

for a final concentration of 50 µM to assess for catecholamine-iron acquisition for growth 

enhancement. Dopamine hydrochloride, L-3,4-dihydroxyphenylalanine (L-DOPA), DL-

norepinephrine hydrochloride, (-)-epinephrine, 2,3-dihydroxybenzoic acid (DHBA) and 

2,5-DHBA were purchased from Sigma. Chloramphenicol was also included for strains 

harbouring pRMC2 or derivatives. Cultures were grown in a Bioscreen C plate reader 

(Growth Curves USA) at 37°C with constant shaking at medium amplitude. OD600 was 

assessed at 15 minute intervals however, for graphical clarity, 4 hour intervals are shown. 

3.2.8 Protein overexpression and purification 

Recombinant S. aureus SstD was purified as previously described (41). Regions of the 

genes encoding the soluble portions of S. lugdunensis SstD1 and SstD2 (excluding 

lipobox motifs) were amplified and cloned into pET28(a)+ (Novagen) using primers 

listed in Table 3-1. E. coli BL21 bearing pET28::sstD1 or pET28::sstD2 were grown to 

mid-log phase at 37°C in LB with kanamycin, prior to induction with 0.4 mM isopropyl-

β-D-1-thiogalactopyranoside (IPTG). After addition of IPTG, cultures were grown at 

25°C overnight. Cells were collected by centrifugation, resuspended in 20 mM Tris, pH 

8.0, 500 mM NaCl, 10 mM imidazole (binding buffer), and ruptured in a cell disruptor 

(Constant Systems Ltd). Insoluble matter and debris were removed by centrifugation at 

3,000 x g for 15 minutes, followed by 150,000 x g for 60 minutes, sonicating samples in 

between. Soluble material was filtered and applied to a nickel-loaded 1 mL HisTrap 

column (GE Healthcare) equilibrated with binding buffer. His6-tagged proteins were 

eluted in 1 mL fractions from the column over a 0-80% gradient of 20 mM Tris, pH 8.0, 
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500 mM NaCl, 500 mM imidazole (elution buffer). Fractions bearing pure SstD1 and 

SstD2 (analyzed via SDS-PAGE) were pooled and dialyzed into 10 mM Tris, pH 8.0, 100 

mM NaCl (working buffer) at 4°C. Protein concentrations (Bio-Rad protein assay) were 

normalized to equality and aliquots were frozen at −80°C. 

3.2.9 Protein-ligand binding 

Intrinsic tryptophan fluorescence quenching was used to assess protein-ligand binding 

affinity for S. lugdunensis SstD1, SstD2 and S. aureus SstD as previously described (41). 

Proteins were adjusted to 0.5 µM in 3 mL working buffer and ligands were added at 2-

fold concentration increments. Dopamine, L-DOPA, epinephrine, norepinephrine, DFO 

and salmochelin S4 were used as ligands. Ligands were incubated in 3:1 (catecholamine 

hormones) or 1:1 (siderophores) molar ratios to FeCl3 for 5 minutes at room temperature 

prior to use. Bovine serum albumin (Sigma) was used as a protein negative control. 

Fluorescence was measured at room temperature in a Fluorolog instrument (Horiba 

Group), with excitation at 280 nm and emission detection at 345 nm. An excitation slit 

width of 5 nm and an emission slit width of 5 nm were used. Changes in fluorescence due 

to ligand additions and sample volume increase were corrected for (52). Fluorescence 

intensity data analysis and KD determination were performed as previously described 

(41). 

3.2.10 Western blots 

Recombinant proteins were analyzed for purity and immunogenicity towards αSstD (S. 

aureus) antisera. S. lugdunensis SstD1, SstD2 and S. aureus SstD purified protein 

volumes were normalized to contain 3 µg total protein and resolved by SDS-PAGE. 

Western blotting was performed as described above (iron-regulated protein expression by 
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S. lugdunensis) with modifications. After blocking, αSstD antisera were applied at a 

1:20,000 dilution, and αHis antibody was applied 1:10,000. Anti-rabbit IgG conjugated to 

IRDye-800 (1:20,000 dilution) was secondary to αSstD antisera, whereas anti-mouse 

Alexa Fluor 680 (Life Technologies) was secondary to αHis (1:20,000 dilution). 

Antibodies/antisera were applied in PBS with 0.05% Tween 20 and 5% horse serum, 

washing in between applications. 

3.2.11 Spot dilution plate assays 

Overnight TSB cultures of S. lugdunensis strains were pelleted, resuspended in saline and 

normalized to an OD600 of 1.1. Normalized bacterial suspensions were ten-fold serially 

diluted and 10 µL aliquots of 10-4 to 10-7 dilutions were spot plated onto TSA and TMS 

agar. Images of TSB plates were taken after 17, 24 and 28 hours of incubation, whereas 

images of TMS plates were taken after 24, 28 and 42 hours of incubation. 

3.2.12 Murine model of systemic S. lugdunensis infection 

All protocols for murine infection were reviewed and approved by the University of 

Western Ontario’s Animal Use Subcommittee, a subcommittee of the University Council 

on Animal Care. Six-week-old, female, BALB/c mice were obtained from Charles River 

Laboratories and housed in microisolator cages. S. lugdunensis strains were grown to 

mid-exponential phase (OD600 2 - 2.5) in TSB, washed twice with PBS, and resuspended 

in PBS to an OD600 of 0.50. 100 µL of bacterial suspension, equivalent to 2-3 x 107 CFU, 

was injected into each mouse via tail-vein. Mice were weighed at time of challenge and 

every 24 hours after, where infection was allowed to proceed for 3-6 days before mice 

were euthanized via intraperitoneal injection of pentobarbital. Organs were aseptically 

harvested into PBS with 0.1% (v/v) Triton X-100, homogenized, diluted and plated onto 
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TSA to enumerate bacterial burden. Weight data are presented as the difference in 

percentage from mouse weight at time of challenge. Recovered bacterial load from 

kidneys is presented as log10 CFU per kidney pair. 

3.3 Results 

3.3.1 Bioinformatic analysis of sequences implicated for iron 
acquisition by S. lugdunensis 

There are several known loci important for S. aureus iron acquisition. Isd proteins 

acquire heme-iron from hemoglobin, sfa-hts and sbn-sir loci are required for biosynthesis 

and transport of SA and SB, respectively, the fhu locus for hydroxamate siderophore 

acquisition, and the sst locus for catecholamine uptake (41, 53, 54). The study of iron 

acquisition mechanisms in S. lugdunensis, on the other hand, is still in its infancy. Several 

genomic regions of interest were identified in S. lugdunensis based on sequence 

comparison. Genome sequences of strains N920143 and HKU09-01 indicate a deletion in 

the sfa locus such that sfaAD and the promoter region for sfaBC have been removed 

(Figure 3-1A), yet downstream hts genes are intact and have been determined to be 

functional for SA acquisition (28). No genes for SB synthesis are present in the S. 

lugdunensis genome, and the bacterium is indeed inhibited for growth in serum compared 

to S. aureus strains competent for either SA or SB production (28). Genes for SB 

acquisition are proximal to genes for heme acquisition in the S. lugdunensis genome, and 

the isd-sir region is in exact tandem duplication in strain HKU09-01 (Figure 3-1B). sir 

and isd genes are required for SB acquisition and high-affinity heme acquisition from 

hemoglobin, respectively, for this species (27, 28). S. lugdunensis possesses genes 

homologous to S. aureus fhuCBG required for ferric-hydroxamate acquisition  
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Figure 3-1: Physical maps of genetic loci implicated in Staphylococcus lugdunensis 

iron transport. (A) Comparison of the S. aureus staphyloferrin A (SA) biosynthetic and 

transport locus with the homologous gene set in S. lugdunensis. All sequenced S. 

lugdunensis strains carry the depicted deletion, between the dashed lines, of sfaAD and 

the promoter region for the remaining two biosynthetic genes. (B) The isd-sir locus in S. 

lugdunensis is depicted. The region between dashed lines is duplicated in tandem in strain 

HKU09-01, with an identical region upstream of sir genes (ATP-A duplicate at 

SLGD_00087). (C) Ferric-hydroxamate transport locus in S. lugdunensis. (D) Ferric-

catecholamine uptake loci in S. lugdunensis. The tandemly duplicated loci encode 

proteins that share ~70% identity. Abbreviations as follows: Asp23; Alkaline shock 

protein 23, ATP-A,B,C; K+-ATPase components A, B, and C, respectively, mem; 

membrane protein, ABC; ATP-binding cassette transporter component, FMN; FMN 

binding protein, NAT; N-acetyltransferase, marR; MarR-type regulator, hyp; hypothetical 

protein, red; reductase, Pase; phosphatase, PT; phosphotransferase.  
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(Figure 3-1C, Table 3-2). The S. aureus fhuC ATPase is somewhat promiscuous as it is 

able to provide energy for transport of not only hydroxamates but also carboxylate 

siderophores SA and SB (31, 36, 37). The functionality and promiscuity of FhuC in S. 

lugdunensis is not yet known. Additionally, S. lugdunensis has gene sets homologous to 

S. aureus sst (Figure 3-1D). Interestingly, the sst gene sets are tandemly duplicated but 

are not identical at the sequence level (Table 3-2). All sequenced S. lugdunensis strains 

have these tandemly duplicated sst gene sets, which we predict to transport ferric-

catechols and catecholamines. Together, based on genome sequence data, we predict that 

S. lugdunensis should be able to transport hydroxamate siderophores through the Fhu 

transporter, and catecholamines through Sst1 and Sst2 transporters. 

3.3.2 Prevalence of iron acquisition genes in S. lugdunensis 
clinical isolates 

Based on the genome sequences of strains HKU09-01 and N920143, S. lugdunensis 

appears to harbor several key iron acquisition loci. To assess whether these strains are 

indeed representative of all or the majority of clinical isolates, we PCR amplified iron 

acquisition loci in a number of S. lugdunensis clinical isolates obtained from London 

Health Sciences Centre - Victoria Hospital (London, Ontario, Canada)  (see Table 3-1 for 

primers used). Including prototype HKU09-01 strain, all isolates (27/27) have a deletion 

in the sfa locus, and thus would not be able to produce SA and should not be able to grow 

well in serum due to the inability to produce this siderophore common to staphylococcal 

species (Table 3-3). Additionally, all isolates were PCR-positive for isd genes (PCR 

across isdJ and isdK), indicating a presumptive ability to acquire heme-iron from 

hemoglobin. All isolates also possess sir genes for SB acquisition (Table 3-3). Using  
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Table 3-2: Similarity between iron-regulated proteins of Staphylococcus aureus and 

Staphylococcus lugdunensis. 

Protein	
   %	
  ID/%	
  TS	
   Function	
  

FhuC	
   86/95	
   ATPase;	
  required	
  for	
  transport	
  of	
  
hydroxamates,	
  ferric-­‐staphyloferrin	
  A,	
  ferric-­‐
staphyloferrin	
  B	
  

FhuB	
   72/85	
   Permease;	
  specific	
  for	
  hydroxamates	
  

FhuG	
   70/88	
   Permease;	
  specific	
  for	
  hydroxamates	
  

	
   	
   	
  

SA	
  SstA	
  vs.	
  SL	
  SstA1	
   80/92	
   Permease;	
  specific	
  for	
  catechols	
  

SA	
  SstB	
  vs.	
  SL	
  SstB1	
   72/88	
   Permease;	
  specific	
  for	
  catechols	
  

SA	
  SstC	
  vs.	
  SL	
  SstC1	
   65/83	
   ATPase;	
  required	
  for	
  transport	
  of	
  catechols	
  

SA	
  SstD	
  vs.	
  SL	
  SstD1	
   68/81	
   Lipoprotein;	
  receptor	
  for	
  catechols	
  

	
   	
   	
  

SA	
  SstA	
  vs.	
  SL	
  SstA2	
   74/88	
   	
  

SA	
  SstB	
  vs.	
  SL	
  SstB2	
   67/86	
   	
  

SA	
  SstC	
  vs.	
  SL	
  SstC2	
   65/83	
   	
  

SA	
  SstD	
  vs.	
  SL	
  SstD2	
   62/77	
   	
  

	
   	
   	
  

SL	
  SstA1	
  vs.	
  SL	
  SstA2	
   80/91	
   	
  

SL	
  SstB1	
  vs.	
  SL	
  SstB2	
   72/87	
   	
  

SL	
  SstC1	
  vs.	
  SL	
  SstC2	
   71/83	
   	
  

SL	
  SstD1	
  vs.	
  SL	
  SstD2	
   71/84	
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Table 3-3: Genes for iron acquisition in Staphylococcus lugdunensis clinical isolates. 
sfa – genes for production of staphyloferrin A. isd – genes for heme acquisition from 
hemoglobin. sir – genes for staphyloferrin B uptake. sst – genes for catecholamine 
transport. - not hemolytic; + mild hemolysis 0.5-1.5mm; ++ moderate hemolysis 2.0-
2.5mm, +++ more hemolysis >2.5mm after 24 hours at 37°C on sheep blood agar (BD 
Diagnostics). 

 

 

 

 

 

 



166 

 

primers within both sst loci and others that would amplify across the midsection of the 

inexact, tandem duplicate sst loci, we found all isolates to contain both sst loci.  

All clinical isolates grew poorly in C-TMS medium with 20% horse serum 

(serum), and none were able to achieve a biomass of OD600>0.5. These isolates were able 

to grow well in serum with addition of excess iron (100µM FeCl3), in which they attained 

a biomass of OD600>1.0 (data not shown). Isolates had varying degrees of zones of 

hemolysis on blood agar. In comparison to HKU09-01, few had greater hemolysis (3/26), 

more had a similar level of hemolysis (7/26), most isolates were slightly less hemolytic 

(11/26), and a fraction were not hemolytic (5/27). The non-hemolytic clinical isolates did 

not exhibit hemolysis even during prolonged incubation (48 hours at 37°C). Previous 

studies reported that approximately 5% of S. lugdunensis isolates were non-hemolytic, 

whereas 19% of our isolates are non-hemolytic (55, 56). 

3.3.3 Hemolytic clinical isolates are enhanced for growth in blood 

The fact that we identified several non-hemolytic isolates in clinical manifestations led us 

to speculate whether hemolysis plays an important role for S. lugdunensis growth in a 

host environment. Several representative clinical isolates were assessed for growth in 

iron-restricted media supplemented with fresh whole human blood. Using a low 

concentration of blood, the hemolytic isolates, including HKU09-01, were able to achieve 

a much greater bacterial density than the non-hemolytic isolates. Whereas hemolytic 

isolates grew to a density of about 109 CFU/mL, non-hemolytic isolates, including 

N920143, only grew to 108 CFU/mL under the same conditions (Figure 3-2A). The 

growth difference is due to an inability of non-hemolytic isolates to obtain iron from 

blood, as addition of excess iron to the media enhanced growth of non-hemolytic isolates  
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Figure 3-2: Hemolytic Staphylococcus lugdunensis clinical isolates exhibit enhanced 

growth in blood compared to non-hemolytic isolates. (A) Bacterial cultures were 

grown in iron-restricted media supplemented with 0.001% whole human blood as a sole 

iron source. (B) Excess ferric chloride was added to blood media to ascertain non-

hemolytic isolate impairment for iron acquisition from blood. Data are the average of 

three independent biological replicates, with error bars indicating standard error to the 

mean. 
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such to equal hemolytic isolate cell density (Figure 3-2B). An HKU09-01 isd mutant, 

although hemolytic, grew as poorly as the non-hemolytic strains (Figure 3-2A). The 

mutant was able to grow and exhibit hemolysis on blood agar plates (trypticase soy agar 

base medium)(data not shown), however its growth was hindered when blood was the 

sole source of iron, indicating that extracellular heme/hemoglobin are required for 

growth. We conclude that hemolysis and subsequent heme acquisition via Isd are 

required for optimal growth of S. lugdunensis in human blood. 

3.3.4 fhuC is required for siderophore-mediated growth promotion 
of S. lugdunensis 

Siderophores contribute to microbial growth in low-iron conditions by appropriating 

FeIII from host proteins such as transferrin and lactoferrin, and deliver it to 

microorganisms for growth. It is also common for microorganisms to acquire 

siderophores produced by heterologous organisms, a strategy that may be metabolically 

favorable. This would be particularly advantageous for S. lugdunensis because it does not 

produce a siderophore and, as such, this property would take on added importance to the 

biology of this microbe. In previous work, we showed that S. lugdunensis was able to 

acquire both S. aureus-produced SA and SB siderophores to promote its own growth in 

serum (28), however its ability to use other siderophores has not yet been investigated. 

Based on the presence of a canonical Fur box upstream of the fhu locus (Figure 3-3A), 

we tested and confirmed that the fhu genes are iron-regulated (Figure 3-3B). This 

suggests that in low-iron environments, S. lugdunensis may be able to use hydroxamate 

siderophores as a source of iron. To test this, we created an in-frame fhuC deletion in S. 

lugdunensis to determine whether this mutant would be debilitated for acquisition of  
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Figure 3-3: Staphylococcus lugdunensis FhuC is iron-regulated and required for 

uptake of hydroxamate and carboxylate siderophores. (A) Physical map of the ferric-

hydroxamate uptake genes in S. lugdunensis. The sequence in between (and including) 

the black boxes underneath fhuC depict the chromosomal region deleted to produce a S. 

lugdunensis in-frame fhuC deletion mutant. The promoter sequence for the operon is 

shown, with the Fur box highlighted. (B) qPCR of fhu gene expression by wildtype S. 

lugdunensis grown overnight in C-TMS (-Fe) or C-TMS with 100 µM FeCl3 (+Fe). Data 

was normalized relative to rpoB expression, and gene expression was set relative to that 

in C-TMS without added iron, set to 1 as the comparator. (C) Plate bioassays demonstrate 

that a S. lugdunensis fhuC mutant is able to use catecholamine siderophores, but unable to 

acquire hydroxamate-bound or staphyloferrin-bound iron. Water and ferric citrate were 

used as negative and positive controls, respectively. Hydroxycarboxylates staphyloferrin 

A (SA) and staphyloferrin B (SB) were administered as Staphylococcus aureus mutant-

derived culture supernatants as well as in-vitro synthesized compounds, with the 

ΔsbnΔsfa strain unable to produce either siderophore. DFO; desferrioxamine B. Data are 

the average of at least three independent biological replicates. 
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various siderophores. In agreement with its predicted role in ferric hydroxamate uptake, 

the fhuC mutant was unable to use a variety of hydroxamate siderophores as an iron 

source, yet retained the ability to use catecholamine siderophores and citrate for means of 

iron acquisition (Figure 3-3C). These fhuC-dependent phenotypes were complemented by 

supplying fhuC in trans into the mutant strain. Of note, we also found that the fhuC 

mutant was unable to utilize either SA or SB carboxylate siderophores (Figure 3-3C). 

These results also mirror those seen in S. aureus, where FhuC is also required for uptake 

of these endogenous siderophores (31, 37). Thus, FhuC plays an essential role in the 

acquisition of multiple types of siderophores in several pathogenic species of 

staphylococci. 

3.3.5 S. lugdunensis sst genes are required for catecholamine 
acquisition and growth in serum 

Catecholamine hormones enhance growth of pathogenic bacteria in serum by mediating 

iron release from transferrin (38, 40, 41, 57). Although catecholamines have little effect 

on S. aureus growth unless SA and SB production is impaired, they can stimulate S. 

epidermidis growth on transferrin (58, 59). Given the various growth-promoting effects 

of catecholamines on several staphylococci, and that S. lugdunensis does not produce a 

siderophore, we hypothesized that sst genes may contribute to iron acquisition by this 

species. Analysis of sst promoter regions identified Fur boxes in both, indicating that 

expression of sst loci would likely be iron-regulated (Figure 3-4A). qPCR revealed that 

sst1 is highly upregulated in low-iron conditions compared to iron-replete conditions, 

whereas sst2 gene expression was extremely low in either iron limited or iron-replete 

conditions (Figure 3-4B). Moreover, using antisera generated against S. aureus SstD, we  
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Figure 3-4: Staphylococcus lugdunensis Sst transporter expression. (A) Physical map 

of putative ferric-catecholamine genes in S. lugdunensis. The tandemly duplicated loci 

encode proteins where paralogs share ~70% identity (see Table 2). The sequence in 

between (and including) the black boxes underneath sstA1-sstD2 depict the chromosomal 

region deleted to produce a S. lugdunensis sst deletion mutant. The promoter sequences 

for each gene set are shown, with Fur boxes highlighted. (B) qPCR of sst1 and sst2 gene 

expression by S. lugdunensis grown overnight in C-TMS (-Fe) or C-TMS with 100 µM 

FeCl3 (+Fe). Data were normalized relative to rpoB expression, and expression was set 

relative to sst1 in C-TMS without added iron, set to 1 as the comparator. (C) Western blot 

demonstrating iron-regulated expression of SstD1. Cultures were grown overnight in C-

TMS (-Fe) or C-TMS with addition of 100 µM FeCl3 (+Fe). Antisera raised against S. 

aureus SstD was used to assay for S. lugdunensis SstD. 
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demonstrated expression of one or both S. lugdunensis SstD proteins during iron-limited 

growth (Figure 3-4C) (41).  

To test the functionality of the sst genes in catecholamine-iron acquisition, we 

constructed a mutant with both sst loci deleted, and assessed the growth of this mutant in 

catecholamine-supplemented media. The sst mutant was defective for growth compared 

to wildtype when grown in serum supplemented with the catecholamines dopamine, L-

DOPA, epinephrine, and norepinephrine (Figure 3-5). The mutant grew comparably to 

wildtype in serum supplemented with DFO, owing to a functional Fhu transporter system 

(see above). Supplementation with either the catechol siderophore precursor 2,3-DHBA 

or the mammalian siderophore 2,5-DHBA did not promote S. lugdunensis growth. Thus, 

sst genes in S. lugdunensis are required for catecholamine-iron transport. 

In an attempt to determine the relative importance of sst1 and sst2, we sought to 

create individual sst1 and sst2 deletion mutants. However, for reasons we were not able 

to uncover, we were unable to create single sst-locus deletion mutants. We therefore 

chose to complement the sst1-sst2 deletion mutant with vectors containing the individual 

gene sets. The sst1 gene set complemented the catecholamine-dependent growth defect of 

the mutant (Figure 3-5), confirming its role in the process. Unfortunately, although we 

were able to clone the vector containing the sst2 gene set into E. coli and S. aureus, we 

were unable to clone it into S. lugdunensis despite repeated attempts. S. lugdunensis 

transformants always contained deletions within the sst2 region. 

Since we were able to mobilize sst2 into S. aureus, we were therefore able to test 

its role for catecholamine uptake in this organism. We cloned the vector, as well as that  
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Figure 3-5: Staphylococcus lugdunensis sst1 is required for catecholamine-iron 

uptake. Growth of S. lugdunensis Δsst was assessed compared to isogenic wildtype and 

Δsst complemented with sst1 genes in trans (psst1), in C-TMS with 20% serum 

supplemented with 50µM of each catechol compound indicated. Desferrioxamine B 

(DFO), a hydroxamate, was used as a positive control. Data are the average of at least 

three independent biological replicates. 
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Figure 3-6: Staphylococcus lugdunensis sstA1-D1 is required for catecholamine 

uptake by S. aureus sfa sbn sst. sst1 and sst2 loci from S. lugdunensis were introduced 

into S. aureus sfa sbn sst and analyzed for growth in C-TMS with 20% serum, 

supplemented with 50µM catecholamine hormones. S. aureus sfa sbn is depicted as the 

WT strain, and all depicted strains contain sfa sbn mutations. Desferrioxamine B (DFO) 

was used as a positive control. Data are the average of at least three independent 

biological replicates. 
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carrying sst1, into the S. aureus sfa sbn sst mutant (41). Vectors carrying sst1 and sst2 

gene sets (psst1 and psst2, respectively) from S. lugdunensis were mobilized into S. 

aureus sfa sbn sst and the strains were assessed for growth in serum supplemented with 

catecholamines and compared to S. aureus sfa sbn (annotated as wildtype for simplicity). 

S. aureus sfa sbn sst harboring psst1 grew much better than the vector control strain in 

serum supplemented with epinephrine, norepinephrine, dopamine or L-DOPA (Figure 3-

6). The S. aureus sfa sbn sst mutant harboring psst2 was impaired for growth with all 

catecholamines, and grew similar to the vector control. All strains grew similarly when 

serum was supplemented with DFO, indicating an inability to attain iron from transferrin 

in the serum via catecholamines. Altogether these findings indicate that the Sst1 

transporter is both necessary and sufficient for catecholamine-iron acquisition in S. 

lugdunensis. 

3.3.6 SstD proteins vary in catecholamine binding affinities 

To determine differences in substrate-binding affinity, S. lugdunensis SstD1 and SstD2 

were overexpressed and purified (41). Antisera raised against S. aureus SstD were able to 

recognize both S. lugdunensis SstD1 and SstD2 purified proteins (Figure 3-7A). The 

three proteins were analyzed for substrate binding via intrinsic tryptophan fluorescence 

quenching. Bovine serum albumin fluorescence was not quenched with any tested 

ligands, serving as a protein negative control. The fluorescence of all three SstD proteins 

was quenched with added catecholamines, but not DFO (Figure 3-7B). S. aureus SstD 

was determined to bind each respective catecholamine with a similar dissociation 

constant as to a previous report (Figure 3-7C) (41). S. lugdunensis SstD1 was found to 

bind each of the catecholamine stress hormones analyzed, and the catechol(amine)  
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Figure 3-7: Substrate-binding dynamics of Staphylococcus aureus SstD and 

Staphylococcus lugdunensis SstD1 and SstD2. (A) Coomassie (top panel) and Western 

blot (bottom panel) of overexpressed and purified S. aureus (SA) and S. lugdunensis (SL) 

SstD homologs, cloned without lipobox motifs and overexpressed in E. coli. Proteins 

were assayed for using anti-S. aureus SstD antiserum. (B) Fluorescence quenching was 

used to determine binding affinity of SstD homologs for ferrated catecholamine 

hormones. (C) Table of KD values for SstD-ferric catecholamine complexes. Data are the 

average of at least three independent biological replicates, with error bars representing 

the standard error to the mean. 
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siderophore salmochelin, with greater affinity than the S. aureus homolog (Figure 3-7C). 

Dissociation constants for S. aureus SstD binding of ligands were 2-3x higher than that of 

S. lugdunensis SstD1. Both proteins had the least affinity for L-DOPA (other than DFO). 

S. lugdunensis SstD2 also bound these substrates, albeit more poorly than either of the 

other two proteins. Dissociation constants for SstD2 were over 4x greater than those of S. 

lugdunensis SstD1 for epinephrine, norepinephrine, dopamine, and salmochelin (Figure 

3-7C). Consequently, S. lugdunensis SstD2 bound all catecholamine hormones and 

salmochelin with less affinity than either S. lugdunensis SstD1 or S. aureus SstD. 

3.3.7 Role of fhu and sst in iron-restricted growth of S. 
lugdunensis 

We next considered the possibility that the fhu and/or sst genes play a role in growth 

under iron starvation conditions, even in the absence of hydroxamates or catecholamines, 

respectively. Spot plating revealed that on TSB, there was no noticeable difference in 

growth between wildtype and fhuC and sst mutants (Figure 3-8A). When spotted on iron-

restricted minimal salts medium (TMS), we noticed a reproducible growth delay for the 

sst mutant, a phenotype that was complementable with introduction of the sst1 locus in 

trans (Figure 3-8A). We next coupled the fhuC and sst deletions together into one strain. 

This mutant, interestingly, was growth impaired not only on TMS minimal medium, but 

also TSB rich medium. This growth impairment was complemented by introduction of 

either fhuC or sst1 in trans (Figure 3-8B). On TMS medium, the double mutant was 

severely growth attenuated (Figure 3-8B). Together, these data demonstrate that both the 

fhu and the sst1 loci play a role in vital nutrient acquisition for this species, both in the 

presence and absence of hydroxamates or catecholamines, respectively. 
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Figure 3-8: Staphylococcus lugdunensis Sst1 and FhuC contribute to growth in 

absence of catecholamines and hydroxamates. (A) Growth of ΔfhuC and Δsst single 

gene set-deletion mutants was compared to wildtype and the Δsst mutant complemented 

with sst1 genes (psst1), on rich media (TSB) and minimal media (TMS). (B) Growth of 

the ΔfhuC Δsst double mutant was compared to wildtype and the ΔfhuC Δsst double 

mutant complemented with either fhuC (pfhuC) or the sst1 gene set (psst1). One 

experiment that is representative of consistent results from several biological replicates is 

shown. 
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3.3.8 Iron acquisition through Isd, FhuC and Sst contribute to host 
colonization and virulence 

There is no model for S. lugdunensis systemic infection, with only two reports of animal 

infection available (to our knowledge). A catheter-induced rat endocarditis model showed 

that surface-anchored proteins, through Sortase A (SrtA), are required for S. lugdunensis 

pathogenesis (48). A recent article detailed a similar means to induce endocarditis in 

mice, in which induced inflammation was required to promote initial adherence of 

stationary-phase S. lugdunensis to aortic valve leaflets through von Willebrand factor 

(vWF) (60). In either infection, SrtA and vWF deficiency led to decreased bacteria in 

endocardial vegetations. Here, we modeled a S. lugdunensis systemic infection, without 

the use of a catheter. All mice survive the duration of the experiment. S. lugdunensis were 

administered to mice via tail-vein, after which infection was allowed to proceed over the 

course of several days. We noted that S. lugdunensis-infected mice do not become as sick 

as S. aureus-infected mice, even with greater CFU administration (61, 62). Nevertheless, 

the pathogenesis of S. lugdunensis murine infection was more similar to that of S. aureus 

infection rather than S. epidermidis infection, wherein we administer fewer bacteria 

which persist for a longer duration (63, 64).  

 Coinciding with previous studies of S. lugdunensis rodent infection (48, 60), our 

infected mice did not exhibit overt sickness relative to S. aureus-infected rodents (61, 

62). To assess the role of the aforementioned iron acquisition pathways for colonization 

and virulence of S. lugdunensis, we combined isd, fhuC and sst mutations into one strain. 

Wildtype S. lugdunensis-infected mice lost significantly more weight than mice infected 

with a isd fhuC sst mutant during 4-6 days post-infection (Figure 3-9A). Mutant-infected  



187 

 

Figure 3-9: Iron acquisition through Isd, FhuC and Sst contributes to 

Staphylococcus lugdunensis pathogenesis. Female BALB/c mice were infected 

systemically with 2-3x107 CFU S. lugdunensis wildtype or an isogenic isd fhuC sst 

mutant. (A) Animal weight change was monitored over a period of 6 days, wherein 

animals were sacrificed for quantification of bacterial burden. (B) Bacterial load in the 

kidneys of infected mice was measured at various time points coinciding with weight 

change differences between the infection groups. The mean is depicted by a horizontal 

bar, with error bars corresponding to standard error to the mean for each group. Statistical 

analyses were performed using an unpaired Student’s t-test. The limit of detection is the 

y-axis value at the origin. 
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mice did not lose weight over the course of the experiment. The isd fhuC sst mutant was 

significantly impaired in its ability to colonize murine kidneys at 3 days post-infection 

compared to wildtype S. lugdunensis. However, after 4 days, the decreased bacterial 

burden was trending towards significance, and at 6 days, the bacterial burden was 

equivalent to wildtype. Therefore, it appears that the mutant is able to keep reproducing, 

presumably at a slower rate than wildtype, until the bacterial burden reaches wildtype 

level and plateaus 6 days post-infection (Figure 3-9B). Strikingly, there was a disconnect 

between weight loss and bacterial burden; at 3 days post-infection, there was no 

significant difference in weight loss, even though mice challenged with wildtype bacteria 

exhibited a significantly greater bacterial burden, while at 6 days post-infection, there 

was no difference in bacterial burden, in spite of the significantly greater weight loss 

displayed by mice challenged with wildtype S. lugdunensis. Given these findings, we 

conclude that these iron acquisition mechanisms impact the ability of S. lugdunensis to 

colonize host organs, and, based on weight loss, impact health. 

3.4 Discussion 

S. lugdunensis is capable to thrive in diverse infection niches within the human host and 

is able to cause unusually aggressive infections, which contrasts infections typical of 

CoNS. S. lugdunensis is unusual amongst the staphylococci in that it does not produce a 

siderophore. Accordingly, we showed that it is severely growth attenuated in animal 

serum unless it is supplemented with factors to compromise the iron-withholding 

capacity of transferrin (28). In this study, we have identified a single gene, fhuC, that is 

critical for iron acquisition from SA and SB (produced by other species of staphylococci), 
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as well as siderophores produced by fungi and Enterobacteriaceae (ie. ferrichrome, 

coprogen, aerobactin).  

 Catecholamine stress hormones are able to interact with and reduce iron within 

transferrin and other iron-withholding glycoproteins to render it available for intruding 

pathogens. In addition to siderophore acquisition, we found that S. lugdunensis is capable 

of catecholamine transport, which we have attributed to the sst1 locus. S. lugdunensis is 

unique among staphylococci to carry duplicate sst regions, which was evident in all of 

our assessed clinical isolates (25, 26). This latter observation is in agreement with a 

recent study supporting S. lugdunensis as a clonal species (65).  

Interestingly, S. lugdunensis SstD2, compared to the other SstD homologs, has 

inferior affinity for catecholamine substrates. Of interest, although we identified a Fur 

box in the promoter region of sst2, we were unable to identify a growth medium or 

conditions that resulted in expression of this locus. At present, it is unknown what 

purpose sst2 serves for S. lugdunensis. Unlikely to function for inferior, redundant 

catecholamine transport, sst2 may serve to transport a vitamin (ie. thiamine or folic acid), 

many of which contain similar structures to catechol. With the inability to produce a 

siderophore, S. lugdunensis appears able to adapt well in the presence of catecholamine 

xenosiderophores and stress hormones through a transporter with greater affinity than the 

S. aureus ortholog. It is noteworthy that for the S. lugdunensis Isd system, IsdB was 

found to bind hemoglobin with greater affinity than S. aureus IsdB (27, 66). Being 

endowed with seemingly fewer iron-acquisition strategies may have necessitated 

evolution of optimized iron-compound transport by S. lugdunensis, which may be 

advantageous to colonization. Large reservoirs of plasma catecholamines surround 
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mesenteric organs, kidneys and the liver in venous and arterial circuitry, and levels may 

spike in individuals undergoing therapeutic or recreational drug use (67). Conditions 

promoting elevated serum stress hormones are likely to enhance S. lugdunensis growth 

during infection. Furthermore, stress hormones have immunoregulatory roles and may 

alter immune cell function to further favor infection conditions (68, 69). The interplay 

between the effects of hormones on immune function and infection merits future 

investigation.  

Another interesting finding from this study is that FhuC and Sst1 contribute to 

vital nutrient acquisition even in the absence of known substrates (Figure 3-8). This begs 

the question, in what form is iron coming into the cell? Is it complexed to an unknown 

chelating molecule? Are amino acids, short peptides, or vitamins able to coordinate iron 

to some degree? We are currently investigating these questions in more detail. It is 

interesting that these two transporters have evolved novel functions in addition to those 

hypothesized. S. lugdunensis IsdC, although necessary for heme acquisition, is also 

critical for biofilm formation (70). With seemingly fewer virulence determinants than S. 

aureus, S. lugdunensis has evolved for its expressed factors to not only bind substrates 

with greater affinity than homologous proteins in other organisms, but also to have those 

same transporters elicit additional functions. 

 Animal models for experimental S. lugdunensis catheter-induced endocarditis are 

published (48, 60). Both of these require surgical catheter insertion past the rodent aortic 

valve. However, many reports describe cases of S. lugdunensis native valve endocarditis 

following surgical procedures or skin trauma in dissociate regions of the body, indicating 

an ability to colonize internal organs in absence of surgical prosthesis insertion and 
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predisposing risk factors (9, 12–14). Therefore, organs other than the heart should not be 

disregarded, as these serve as not only sites of infection but also contribute as reservoirs 

for dissemination. In the systemic infection model used in this study, we do not typically 

recover S. lugdunensis CFU from murine hearts. Induced inflammation of the heart 

endothelial vasculature may be necessary to stimulate S. lugdunensis heart colonization 

(60). Nevertheless, we are able to consistently recover bacteria from the kidneys, and 

occasionally in smaller numbers from the liver and lungs. A mutant impaired for 

acquisition of heme, siderophores and catecholamine stress hormones is debilitated for 

growth in murine kidneys at early stages of infection, yet is still eventually capable of 

colonizing kidneys. Interestingly, despite an abundance of bacteria in the kidneys, mice 

are generally in good relative health. Albeit showing discomfort, sickness is in stark 

contrast to mice infected with S. aureus. Still, S. lugdunensis-infected mice lose weight, 

and the bacteria are able to persist longer than S. epidermidis in a similar model, giving 

credence to the notion that S. lugdunensis has elevated virulence compared to other CoNS 

(63, 64). Difference in weight loss between wildtype and mutant-infected mice does not 

coincide with differences in bacterial burden in the kidneys. These findings are 

unexpected, yet indicate that the surreptitious S. lugdunensis may reside quite amiably 

within host organs such as the kidneys yet not cause overt morbidity. Persistence may 

enhance dissemination to other organs via renal circulation. It may be that S. lugdunensis 

is also present in yet undetermined murine organs as well, or the mutant may elicit 

different pathology in kidneys. The genome of S. lugdunensis indicates an absence of 

many well-characterized S. aureus immune-evasion and toxin encoding genes. The less 

aggressive course of infection for S. lugdunensis as compared to S. aureus-infected mice 
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is undoubtedly attributed to these genetic differences, whereas the more aggressive 

course of infection for S. lugdunensis compared to other CoNS, such as S. epidermidis, 

largely remains to be elucidated. The less aggressive disease phenotype of systemic S. 

lugdunensis infection may allow the pathogen to remain undetected by the host immune 

system for a longer period of time, compared to S. aureus, providing greater capability 

for dissemination and persistence until (host) environmental factors become conducive to 

promote the severe pathogenesis S. lugdunensis is capable of causing. 

It is striking that a proportion of clinical isolates are not hemolytic, yet 

nonetheless bear genes for procurement of heme as well as other iron sources. It may be 

that non-hemolytic isolates are preferentially found in co-infection, in specific host 

niches, or have different iron source preferences than hemolytic isolates. The relationship 

between hemolytic potential and iron source preference merits further investigation, as 

non-hemolytic isolates may thrive with non-heme iron sources compared to hemolytic 

isolates, which clearly thrive in comparison in the presence of human blood. 

Alternatively, hemolytic isolates may cause a more aggressive disease progression or be 

more fit for pathogenesis than non-hemolytic isolates during systemic infection.  

In conclusion, we have identified the genetic means for S. lugdunensis to procure 

an assortment of diverse siderophores and catecholamine hormones through FhuC and 

Sst1, respectively, and shown them, along with Isd, to play a significant role in 

colonization and virulence. Other yet unidentified iron acquisition mechanisms must also 

be functional in the mammalian host and identifying these is a priority research area. 
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4.1 General overview 

There exists limited molecular detail of S. lugdunensis genetic factors contributing to 

virulence. We, and others, continue to try to understand more about the lifestyle of this 

enigmatic pathogen. In this thesis, I have described several means by which S. 

lugdunensis acquires iron, including mechanisms for transport of staphyloferrin A (SA), 

staphyloferrin B (SB), hydroxamates, catecholamines and heme (1).  

4.1.1 Defective staphyloferrin A biosynthesis 

We have shown that S. lugdunensis grows poorly in animal serum, owing to its inability 

to produce a siderophore. Exogenously supplied siderophores or other iron sources 

promote growth in serum, indicating a parasitic predisposition to obtain transferrin-iron 

via environmentally scavenged metabolites. Despite this, the deletion in the SA 

biosynthetic locus has been retained across S. lugdunensis isolates, indicating it may be 

metabolically favourable for the species to divert precursor molecules that would have 

been used for SA biosynthesis for other uses, while simply feeding on xenosiderophores. 

Given the nature of cohabitation on skin with other staphylococci, which produce SA (SA 

is made by the majority of CoNS, including S. epidermidis) and SB, it is fitting to 

consider either of these compounds may be in abundance where S. lugdunensis is 

typically found (2–5). Recent insight into S. aureus metabolism has found that the Kreb’s 

cycle-associated citrate synthase is required for synthesis of SA, but not SB. The iron-

sparing response decreases Kreb’s cycle activity under iron limitation, and millimolar 

glucose concentrations inhibit SA biosynthesis (6, 7). Nevertheless, SA production by S. 

aureus is required for causing pathogenesis during murine subcutaneous infection (8). 

These data, together with the predominance of SA production among skin colonizing 
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staphylococci, suggests a likelihood that SA is abundantly expressed and found on 

mammalian skin (9). It is therefore not surprising that some organisms, such as S. 

lugdunensis, may inhabit this niche while usurping this metabolite produced by other 

microbes.  

4.1.2 Staphyloferrin transport 

No remnants of SB biosynthesis genes are found in the S. lugdunensis genome, yet sir 

genes are present for transport of SB, in addition to hts genes for SA uptake. Both hts and 

sir loci have Fur boxes in their promoter regions and expression of both is iron-regulated. 

Genetic manipulation of S. lugdunensis, including generating mutations such to remove 

hts and sir genes, proved to be problematic. While means to genetically manipulate S. 

aureus are well established, there is a lack of detail for similar practices in other 

staphylococci (10, 11). Different cell wall architecture and genetic barriers hinder 

horizontal gene transfer, including intra-genus exchange of genetic material. Importantly, 

the work presented in this thesis and a limited number of other groups, has managed to 

overcome some of these limitations through development of tools and optimized 

processes to better study S. lugdunensis, which should be of use to other scientists as 

well, as the pathogen continues to gain notoriety in the clinic. After literature review and 

optimized procedures, we were able to obtain S. lugdunensis vector transformants and 

generate genetic deletion mutants. Being able to genetically manipulate S. lugdunensis 

allows us to determine the function and biological relevance of genes of interest. Analysis 

of hts and sir locus mutants showed that these are indeed required for acquisition of SA 

and SB, respectively, by S. lugdunensis. Polymicrobial infections involving S. 

lugdunensis also commonly include other staphylococci such as S. epidermidis and S. 
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aureus (12). When grown together in serum, S. lugdunensis is able to pirate SA and SB 

synthesized by S. aureus to promote its own growth. A S. lugdunensis Δhts Δsir mutant is 

impaired for growth in the same conditions, supporting our notions that cohabiting the 

same microenvironment with siderophore producers augments S. lugdunensis growth. SA 

biosynthesis is inhibited at blood-glucose concentrations, and SB is likely the more 

important of the two siderophores for internal infection of the host. S. lugdunensis is one 

of few staphylococcal species to encode the SB transporter, which may be relevant for 

persistence in host organs.  

4.1.3 Heme acquisition 

S. lugdunensis is unique among coagulase-negative staphylococci (CoNS) to encode the 

Isd pathway of heme-iron acquisition, albeit with several distinct proteins. IsdJ and IsdK 

have 2 and 1 NEAT domains, respectively, and are found in both membrane and 

supernatant fractions. The biological function of these potential hemophores, and 

interaction with other Isd proteins, has not been investigated, although both are able to 

bind heme but not hemoglobin (13). An Isd-associated autolysin (IsdP) alters processing 

and attachment of the heme-conduit protein IsdC to peptidoglycan (14). IsdC in S. 

lugdunensis is also distinct in its role for biofilm formation in this species (15). Surface-

exposed IsdB is unable to bind mouse hemoglobin, but binds human hemoglobin with 

greater affinity than the S. aureus ortholog (13, 16). S. lugdunensis IsdJ is homologous to 

S. aureus IsdA, and both confer resistance to bactericidal lipids in addition to their 

respective roles in heme acquisition. The Isd system supports S. lugdunensis growth with 

low nanomolar concentrations of heme/hemoglobin, serving a high-affinity means to 

procure heme-iron in physiological conditions. Once infection has been established and 
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host cell lysis (including hemolysis) has taken place, conditions become non-

physiological and heme concentration is increased. It is believed that other, non-Isd 

means of heme acquisition become more relevant in these conditions, as isd mutants are 

still able to use heme at greater concentrations. The mutant is able to use heme at lower 

concentrations in acidified media (same media used in heme/hemoglobin growth 

experiments in chapter 2, set to pH 6.4), and grows to more appreciable biomass sooner 

as well (data not shown). This growth is not seen with equimolar FeSO4 in place of heme, 

indicating the metal chelator (EDDHA) and heme in the media have not degraded (data 

not shown). An acidic microenvironment may be caused by accumulation of metabolic 

end products or immune defense, which for staphylococci may be an indication of harsh 

conditions. These results may indicate that environmental pH (such as that commonly 

found in an abscess environment) has an effect on iron acquisition by staphylococci. A 

somewhat similar phenomenon affects siderophore acquisition by Vibrio 

parahaemolyticus, which upregulates enterobactin acquisition in response to alkaline pH 

(17). S. lugdunensis, like S. aureus and V. parahaemolyticus, is hemolytic and would 

likely need to adapt once substantial tissue damage has occurred. One may speculate that 

at high heme concentrations, high-affinity heme transport could cause heme 

internalization too quickly for proper mobilization/organization, such to cause toxicity 

(via free internal heme/iron, yet to be bound), and lower affinity heme uptake strategies 

may be necessary in addition to heme detoxification systems to mitigate heme toxicity.  

4.1.4 Siderophore and catecholamine uptake 

In addition to heme acquisition, S. lugdunensis uses the homodimeric FhuC ATPase to 

acquire siderophores. The fhuCBG locus is upregulated in response to iron limitation, and 
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although FhuBG comprise the permease component required for hydroxamate uptake, the 

FhuC ATPase is more promiscuous in its binding partners and also associates with 

HtsBC and SirBC. S. lugdunensis, much like S. aureus, relies on FhuC to acquire several 

different hydroxamate and carboxylate siderophores. In contrast to S. aureus, we 

identified two loci in S. lugdunensis that we presumed may be involved in catecholate 

acquisition. Paralogous proteins share approximately 70% sequence identity but little 

similarity in their regulation and substrate affinity. Sst1 is responsible for catecholamine 

acquisition as this locus complemented a sst mutant growth defect in presence of the 

catecholamine stress hormones epinephrine, norepinephrine, dopamine and L-DOPA. 

This transporter does not acquire all catecholates, as 2,3-DHBA and 2,5-DHBA could not 

be used as sources of iron. Interestingly, common catechol-type siderophores such as 

enterobactin, bacillibactin and salmochelin have catecholamine iron-coordinating 

moieties. The amine group in place of a carboxylic acid appears to be important for 

substrate recognition by SstD. In keeping with this, S. aureus SstD and S. lugdunensis 

SstD1, both of which bind and transport catecholamine-iron, have the least affinity of 

analyzed substrates for L-DOPA, which bears both amine and carboxylic acid moieties. 

The other analyzed hormones have only amine (dopamine), or amine and alcohol groups 

(epinephrine, norepinephrine) and are bound with greater affinity.  

4.1.5 S. lugdunensis transporters are superior in function, and 
exhibit additional biological purposes compared to 
homologous systems in other organisms 

At least two iron-acquisition mechanisms (Isd and Sst1) of S. lugdunensis have greater 

affinity for substrates than homologous systems in other organisms, namely S. aureus. 

The same may be true of other transporters, including Hts and Sir as well (although we 
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currently have no data to support this claim), giving the bacterium more of a competitive 

advantage. If S. lugdunensis has evolved more sophisticated/professional iron acquisition 

systems than other bacteria, it could use iron sources at lower concentrations than other 

organisms, including siderophore-producing microbes. Additionally, the lack of 

traditional virulence factors may be offset by multifunctional expressed factors that 

contribute to multiple different biological functions. Sst1 and FhuC impact S. lugdunensis 

growth in the absence of catecholamines and hydroxamates (or siderophores). On 

minimal media (TMS) the sst mutant is impaired for growth, and on rich media (TSB), a 

fhuC sst mutant is impaired for growth. The double mutant is even more-so attenuated on 

minimal media. Although the fhuC mutation has little impact on S. lugdunensis growth 

on these media, the combination of fhuC and sst mutations renders the strain much more 

attenuated for growth than the sst mutation alone. These findings are unexpected and 

signify that these transporters are more important to the inherent biology of this organism 

than previously thought. It may be that FhuC is involved in transport of other iron 

sources, including free iron, and Sst1 may transport catecholamine-like compounds that 

are able to chelate iron to some degree. The thought here being that TSB is iron-rich and 

should supply the bacterium such to limit expression of iron-regulated genes, unless iron 

cannot be taken up through FhuC, and iron-acquisition genes become expressed. In this 

case, Sst1 would be expressed and may overcome this deficiency. Both FhuC and Sst1 

transporters are expressed in minimal media, however other nutrients are relatively rich 

and one or more of these may be additional substrates of Sst1. In addition to the multiple 

functions of certain S. lugdunensis Isd proteins, these two transporters also appear to 

exhibit novel functionality.  
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4.1.6 Live animal infection 

During the course of this study, two S. lugdunensis animal infections were published, 

both being induced endocarditis models in rodents, and only sortase A was identified as a 

virulence determinant in the host (10, 18). We developed murine subcutaneous and 

systemic infection models in which we could recover viable bacteria from mouse organs. 

In a systemic murine infection model, the iron-acquisition systems we characterized in 

vitro did indeed contribute to the ability of S. lugdunensis to colonize host tissue and 

cause virulence in vivo. Although S. lugdunensis Isd is unable to bind mouse hemoglobin, 

other Isd proteins are involved in heme uptake, and may still be relevant in this infection 

model. FhuC and Sst are directed towards procurement of several prokaryote-produced 

and host-produced iron-binding compounds, respectively. A isd fhuC sst mutant is 

significantly debilitated for growth at early stages of colonization/infection, however is 

not eliminated from the host, and persists. The mutant is hindered for causing sickness, as 

mutant-infected mice do not lose weight as wildtype S. lugdunensis-infected mice do. 

Systemically infected mice do not typically exhibit S. lugdunensis heart valve 

colonization, although there is some evidence indicating that endothelial vasculature 

activation, through inflammation or damage, is required for adhesion, mediated by von 

Willebrand factor. Organs other than the heart contribute as not only infection sites but 

also reservoirs for dissemination, and should not be overlooked. A model of systemic 

infection with induced heart vessel inflammation may better mimic clinical courses of S. 

lugdunensis infective endocarditis. 
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4.1.7 Hemolysis 

During the course of this research we were fortunate enough to obtain a collection of S. 

lugdunensis clinical isolates from London Health Sciences Centre - Victoria Hospital 

(London, Ontario, Canada). All assessed isolates grow poorly in serum, unless the serum 

is supplemented with exogenous iron sources, and all isolates contain genes for SB, heme 

and catecholamine uptake. Many of these clinical isolates are non-hemolytic, and these 

isolates are at a disadvantage for growth in human blood. Non-hemolytic isolates may be 

favoured in certain types of infection, polymicrobial infections, or they may have 

different nutrient preferences. In addition to the presence of a membrane-bound clumping 

factor, the varying hemolysis profiles add further doubt to clinical identification 

representing the true burden of S. lugdunensis infection.  

4.2 Conclusions 

Although S. lugdunensis does not produce a siderophore, it is able to acquire 

siderophores of all major types, in addition to heme-iron from human hemoproteins. 

Hydroxamates and/or hydroxycarboxylate xenosiderophores may be bound by receptors 

with greater affinity over that of competing organisms, such is true for heme/hemoglobin 

and catecholamines. 

 Non-hemolytic clinical isolates are impaired for iron acquisition from blood, 

compared to hemolytic isolates. Most host-iron is coordinated in hemoproteins within red 

blood cells. The frequency of non-hemolytic S. lugdunensis strains still capable of 

causing infection warrants research into possible reasons as to how these isolates are able 

to persist and cause disease. 
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 The transporters of S. lugdunensis are multifunctional, and although the bacterium 

may seemingly encode fewer traditional virulence factors than other nefarious pathogens, 

each of those expressed is able to accomplish additional biological functions for the 

pathogen, compared to homologous systems in other bacteria. This is true for Isd, FhuC 

and Sst1, with each of these transporters having functional pleiotropy important for the 

bacterium in various environmental conditions. 

4.3 Significance of this study 

Little is known about S. lugdunensis biology, and the molecular characterization of this 

species is in its infancy. This study builds on previous work by others describing several 

S. lugdunensis Isd proteins, adding to the comprehensiveness of this pathways description 

(13, 19). We are first to characterize multiple strategies of this organism to acquire a vital 

nutrient, and show that specific nutrient transporters contribute to host colonization and 

virulence. Several of these iron-acquisition mechanisms were shown to be important for 

novel functions in addition to those of homologous systems in other organisms.   

 In combination with discoveries by other groups, the findings of this study enable 

us to create a pictorial description of transport processes involving S. lugdunensis iron 

acquisition pathways (Figure 4-1). Although the majority of host-iron is kept within heme 

in hemoproteins, the vast majority of which reside in cells, S. lugdunensis has means to 

lyse these cells, extract heme from hemoglobin and funnel it into the bacterial cytoplasm 

for degradation. The absolute requirement of this precious nutrient necessitates successful 

pathogens elaborate many strategies to attain it from a variety of sources. Although a 

comparably smaller iron pool, transferrin-iron is labile, and along with other 

glycoproteins these iron sources comprise another important pool of nutrients.  
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Figure 4-1: Schematic of Staphylococcus lugdunensis transporters involved in 

nutrient acquisition. Isd proteins acquire heme (Hm)-iron(+Fe) from hemoglobin (Hb), 

are important for biofilm formation (IsdC) and protection from bactericidal lipids (IsdJ). 

Autolysin IsdP remodels peptidoglycan to facilitate IsdC movement. Staphyloferrin A 

and B carboxylate siderophores are transported through Hts and Sir, respectively. 

Hydroxamates are acquired through Fhu, which uses the FhuC ATPase for acquisition of 

these, as well as carboxylate siderophores. Catecholamines are transported via Sst1. FhuC 

and Sst1 are involved in acquisition of other nutrients as well, which is currently being 

examined in more detail. 
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 The many (seemingly) functionally redundant iron uptake strategies are expressed 

and required in different conditions. Obviously, they are likely to be expressed in low-

iron conditions when the bacterium requires iron, however other mechanisms of 

regulation must also exist. Although the preferred iron source for S. aureus is heme, and 

siderophore biosynthesis is downregulated in the presence of heme, the iron source 

preference of S. lugdunensis is undetermined. Ever-changing microenvironments 

surrounding bacteria necessitate the ability of pathogens to adapt to new conditions, 

which may require other, more metabolically favourable means to acquire host nutrients. 

The host elicits functions to maintain homeostasis, while pathogens circumvent these to 

obtain host nutrients, producing different metabolite concentrations from/in various areas 

of tissue. It is likely that each iron-compound transporter is required for optimal 

exploitation of a specific niche. The iron acquisition strategies uncovered here are 

required for optimal exploitation of internal host organs (kidneys), and aid in the 

organisms ability to cause disease.  

4.4 Areas of future investigation 

4.4.1 Siderophore-iron removal 

The intracellular fate of siderophores in staphylococci remain largely unknown. In S. 

aureus, oxidoreductase IruO and nitroreductase NtrA aid in iron removal from heme. 

IruO also facilitates iron release from ferric-desferrioxamine (hydroxamate siderophore), 

whereas NtrA from ferric-SA (20). S. lugdunensis encodes homologs to both of these in 

its genome. The IruO homolog (SLGD_00660) shares 68% identity and 84% similarity, 

whereas the NtrA homolog (SLGD_02019) shares 72% identity and 85% similarity. 

These may have similar or distinct functions compared to the S. aureus homologs. Ferric-
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SB is also likely to undergo reduction to release iron, although there is no proposed 

reductase for this process as of yet. There is a greater likelihood of iron release from 

hydroxamate and carboxylate siderophores via reduction as opposed to degradation, 

which is more geared towards catecholamines which bind iron with greater affinity (21–

23). Catecholamine-iron release also remains uninvestigated in staphylococci, and may 

be driven by a hydrolytic enzyme such as an esterase or amidase.   

4.4.2 Biological differences between FhuC and Sst1 

Characterization of additional substrates transported by FhuC and Sst1 is underway. This 

information will aid in uncovering the importance of the Sst system encoding its own 

ATPase. Several siderophore-acquisition transporters (Hts, Sir and Fhu; SA, SB and 

hydroxamate uptake), and possibly other iron-source transporters, use FhuC for energy to 

import iron-containing substrates. An ATPase associated with the Isd system remains to 

be elucidated, although heme is recognized by S. aureus (and possibly other 

staphylococci) in a different manner than other iron sources, so it is not surprising for the 

Isd transporter to use a different ATPase. Sst transports catecholamine siderophores and 

stress hormones. These siderophores may require degradative means to release iron, 

which contrasts from the other siderophores, however this is little motive to reason 

requirement of another ATPase specific for their transport. There must be other 

conditions facilitating differential expression of fhu and sst, and we find that Sst1 (and 

also FhuC) in S. lugdunensis transports more substrates than originally believed, and may 

be expressed to obtain these novel substrates. Additionally, the effects of catecholamine 

hormones on staphylococcal gene expression may be an exciting new research 

opportunity. It has been shown that catecholamines such as norepinephrine, epinephrine 
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and dopamine are sensed by adrenergic receptors (QseCE two-component system) on 

enteric microbes including enterohemorrhagic E. coli and Citrobacter rodentium to 

regulate virulence factor expression (24, 25). A similar phenomenon occurs in Vibrio 

species and may be widespread to include Gram-positive bacteria as well (26, 27). The 

fate of staphylococcal internalized catecholamine hormones remains unknown. It is 

obvious that there are biological differences between Sst and the other siderophore 

acquisition systems, which may be of importance on a global scale.  

4.4.3 Characterize hemolysis 

As elaborated in Chapters 1 and 3, factors affecting S. lugdunensis hemolysis are poorly 

understood. Although genes for hemolysins are present in all S. lugdunensis isolates, a 

fraction remain non-hemolytic. Is this due to a regulatory defect – possible repression of 

hemolysin genes, or overexpression of (metallo)protease to degrade secreted hemolysins? 

Furthermore, which hemolysin gene/s are responsible for lysing cells? The three 

suspected are β-hemolysin (SLGD_00006), hemolysin III (SLGD_00847) and the 

SLUSH peptides (SLGD_00440 – SLGD_00442). Although non-hemolytic strains are 

impaired for growth with blood as a sole source of iron in vitro, are they impaired for 

growth in vivo, compared to hemolytic isolates? It is possible that non-hemolytic isolates 

have a differential preference towards iron sources other than heme, or infection 

conditions favour losing hemolytic capability.  

4.4.4 Improved animal models 

Whereas S. lugdunensis disease severity mirrors or surpasses that of S. aureus in the 

clinic, it is inferior in causing disease in mice. We have developed subcutaneous and 

systemic S. lugdunensis murine infection models in which we recover great quantities of 
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viable bacteria from subcutaneous lesions, and kidneys. Presence of bacteria in liver and 

lungs varies over the course of our systemic infection (3-6 days), indicating that they may 

be cleared faster in these organs. It is also possible that the liver reservoir of S. 

lugdunensis are primarily sequestered by Kupffer cells, prior to dissemination to other 

organs (28). Heart endothelial activation, combined with systemic infection would be an 

interesting model to assess virulence factors that may be associated with S. lugdunensis 

heart colonization, persistence and virulence. It would be interesting to evaluate the 

herein discovered iron acquisition strategies for S. lugdunensis fitness in other host 

niches.  
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