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Abstract 

Aspergillus fumigatus is a major fungal pathogen of immunosuppressed patients. Recent 

studies demonstrated that hydroxamate-siderophore biosynthesis was required for 

virulence of A. fumigatus. SidA represents an excellent target for development of novel 

antifungal agents. In A. fumigatus the predominant hydroxamate-siderophore is N’, N’’, 

N’’’-triacetylfusarinine-C and its biosynthesis is initiated by hydroxylation of ornithine 

by ornithine-N5-oxygenase (SidA). The purpose of this research was to characterize 

SidA. AfSidA protein was cloned and expressed in an E. coli expression vector. SidA was 

specific for its substrate L-ornithine, and cofactor FAD and preferred NADPH to NADH.  

L-lysine stimulated NADPH-oxidation but substrate hydroxylation was uncoupled. SidA 

had Michaelis-Menten kinetics and compared to bacterial ornithine-oxygenases, showed 

a higher thermotolerance and pH preference but a lower maximal velocity. A 3D-model 

of SidA was generated based on the crystal structure of phenylacetone-monooxygenase 

from Thermobifida fusca. Localization studies predicted a possible membrane association 

for SidA through its N-terminus. 

 

 
Keywords: Aspergillus fumigatus; Invasive aspergillosis; Opportunistic pathogens; 
Siderophores; L-ornithine-N5-oxygenase.  
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1: Introduction 

1.1 Importance of iron for microorganisms 

 Iron is an essential compound for most living organisms. All eukaryotes and 

prokaryotes with the exception of a few bacteria require iron for their metabolic 

functions. Iron adopts two ionization states, Fe (II) and Fe (III); the redox potential 

depends on the molecules to which it is bound. This chemical property enables iron to act 

as an essential cofactor and catalyst in fundamental metabolic pathways (Johnson, 2008). 

There are a large number of enzymes involved in primary and secondary metabolism that 

have iron-containing cofactors, such as iron-sulfur clusters or heme groups incorporated 

in their structures. These enzymes participate in major cellular processes such as amino 

acid and nucleoside synthesis as well as photosynthesis (Wandersman & Delepelaire, 

2004). In addition, there are proteins, such as those found in the archaebacterium 

Ferroplasma acidiphilum, that use iron for their overall structural and functional integrity 

(Ferrer et al. 2007). Furthermore, iron mediates electron transfer in cells and helps 

several transcriptional (e.g., bacterial Fur) and posttranscriptional (e.g., mammalian iron 

regulatory proteins [IRPs]) regulators to effectively control the expression of genes. 

These gene products are involved mainly in iron acquisition and protection from reactive 

oxygen species (ROS) as iron-mediated free radical production can damage cells 

(Hantke, 2001 & Klausner et al. 1993). 
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1.2 Low bio-availability of iron in host organisms 

 Although iron is one of the most abundant elements on Earth, its bioavailability is 

low in aerobic environments. Fe (II) is soluble in aqueous solutions and hence can be 

sufficiently available for living cells; however, at neutral pH, under aerobic conditions Fe 

(II) oxidizes to Fe (III) spontaneously by reacting with molecular oxygen (Kosman, 

2003). Such process can also occur enzymatically during assimilation and circulation in 

host organisms (Miethke & Marahiel, 2007). The oxidized ferric form (FeIII) aggregates 

into ferric hydroxides that are insoluble, and thus not readily available. In addition to low 

solubility of iron in biological solutions, the fact that most available iron is intracellular is 

another obstacle for microorganisms colonizing human hosts (Bridges & Seligman, 

1995). Iron homeostasis and protection against free iron is very important for host 

organisms. Reduced ferrous iron activates the Fenton reaction that catalyses the 

production of toxic reactive oxygen species (FeII + H2O2 → FeIII + OH− + OH•) 

(Halliwell & Gutteridge, 1992). Host organisms have adapted to reduce free iron toxicity 

by sequestering the metal into carrier proteins such as lactoferrin, transferrin (Tf), and 

ferritins, or by binding it to the protoporphyrin ring in hemoproteins (Bullen et al. 2005). 

The side effect of this “iron withholding” strategy also reduces iron bioavailability to 

infecting bacteria and is therefore an important component of innate immunity in 

mammals (Weinberg, 1993). Therefore, for a pathogenic organism to successfully 

colonize and establish an infection in a mammalian host, it must be able to obtain iron 

from one or more of these diverse cellular iron sources. 
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1.3 Iron acquisition in biological systems 

1.3.1 Bacterial iron/heme sources 

 Pathogenic microorganisms use direct and indirect mechanisms for the utilization 

of iron sources. In bacteria, the iron/heme acquisition mechanisms are classified as, 1) 

direct contact between the bacteria and the iron/heme sources, and 2) scavenging iron or 

heme by synthesizing chelator compounds into the extracellular medium. Direct 

mechanisms include free diffusion of ferrous iron, and uptake of various iron sources 

such as lactoferrin, transferrin, ferritin, heme, and/or hemoproteins. In Gram-negative 

bacteria found in reducing or acidic enviornments, highly soluble FeII ions diffuse freely 

through the outer membrane porins. ABC ferrous ion transporters then transport these 

ions through the cytoplasmic membrane (Kammler et al., 1993). Examples of such 

systems have been found in Salmonella enterica and Helicobacter pylori, two Gram- 

negative bacterial pathogens that colonize the mammalian intestine and stomach, 

respectively (Boyer et al., 2002 & Velayudhan et al., 2000). 

 Transferrin and lactoferrin are iron-binding serum and tissue glycoproteins with 

high affinity for FeIII and a much lower affinity for FeII. Transferrin is found in serum 

whereas lactoferrin is found in lymph and mucosal secretions. Lactoferrin is also released 

by activated polymorphonuclear cells (PMNs) at infection sites (Laforce & Boose, 1987). 

Transferrin has been reported to be an iron source for numerous pathogens, including 

Bordetella pertussis, Haemophilus influenzae, Neisseria meningitidis, Pasteurella 

haemolytica, and Staphylococcus aureus (Bullen & Griffiths, 1999). The lactoferrin iron-

uptake system has been best documented in N. meningitidis and Neisseria gonorrhea 
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(Cornelissen, 2003). These Gram-negative bacteria extract iron at the outer membrane 

and then ABC transporters transport FeIII through the cytoplasmic membrane; however, 

the exact mechanism has not been fully characterized. Gram-positive bacteria can also 

acquire iron from Tf but the mechanisms are even less well-characterized (Skaar & 

Schneewind, 2004). Ferritins are cytoplasmic iron storage proteins that protect cells 

against iron toxicity. Even though there are reports that indirectly show that ferritin is an 

iron source in Listeria monocytogenes (Deneer et al., 1995) and Pasteurella multocida 

(Paustian et al., 2002), there is no direct evidence that they are in fact used as iron 

sources by bacteria. 

 Heme is an important iron source for pathogenic microorganisms (Wandersman & 

Delepelaire, 2004). Heme is a prosthetic group, consisting of a porphyrin ring that 

accommodates one iron atom in either the FeII or FeIII oxidation state. Mechanisms by 

which Gram-negative bacteria acquire heme are uptake using specific outer membrane 

receptors or via release of extracellular chelators called hemophores. In direct acquisition, 

the entire heme molecule is taken up via outer membrane receptors and transported into 

the bacterial periplasm. In the case of heme-containing proteins such as hemoglobin, 

these are unloaded at the cell surface and only heme is transported to the periplasm. 

Subsequently, specific ABC protein-dependent permeases transfer heme through the 

cytoplasmic membrane (Stojiljkovic & Hantke, 1994). The fate of heme after entering the 

bacterial cytoplasm is not fully understood. In Neisseria, a heme oxygenase-like enzyme 

is used to release heme-iron within the cytoplasm (Zhu et al., 2000). 

 Direct uptake of iron or heme sources has a major disadvantage for the pathogen, 

i.e. the requirement of a specific receptor for each iron/heme source. Since different host 
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compartments differ in their iron source compositions; pathogens that directly use a 

defined set of iron sources are restricted to compartments in which these sources are 

available. Because of this, pathogens have evolved diverse strategies for indirect iron 

acquisition within host organisms. In Gram-negative bacteria, one strategy is secretion of 

specialized proteins called hemophores for heme acquisition from different sources.	  

For example, the Hxu hemophore system of Haemophilus influenzae uses heme-loaded 

hemopexin (a protein encoded by the gene hemopexin which binds heme with the highest 

affinity of any known protein) as a heme/iron source. HxuA, is secreted by a signal 

peptide-dependent pathway involving one outer membrane helper protein. HxuA is able 

to acquire heme from hemopexin and to return it to a specific receptor in the outer 

membrane (Cope et al., 1995 & Cope et al., 1998). The other well-known hemophore 

system is called the Has system (heme acquisition system) (Fig. 1.1). This pathway exists 

in several Gram-negative bacteria including Serratia marcescens, Pseudomonas 

aeruginosa, P. fluorescens, Yersinia pestis, and Y. enterocolitica (Wandersman & 

Delepelaire, 2004). The role of the hemophore is to bind heme and to deliver it to a 

specific outer membrane receptor, HasR (Fig. 1.1). In this system, hemophores are 

secreted by ABC transporters requiring a carboxy-terminal secretion signal 

(Wandersman, 1998). 

 It has been demonstrated that there is a close link between heme uptake system and 

virulence of pathogenic bacteria. Klapper et al. (1972) have reported that hemopexin 

expression is increased upon bacterial infection, potentially representing a response to the 

transient increase in free heme at the site of infection. This supports the idea that during 

invasive bacterial infections, hemolysin-mediated erythrocyte lysis likely leads to the 
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local accumulation of heme and hemoglobin which can be used by the bacteria as a 

nutrient iron source. In another study, Skaar et al. (2004) applied stable isotope labelling 

to determine whether S. aureus exhibits source-dependent iron preference by mass 

spectrometry. They showed that S. aureus preferentially imports heme iron over 

transferrin iron. They identified hts (heme transport system) a gene cluster that promotes 

preferred heme iron import by S. aureus. The authors concluded that since heme-bound 

iron scavenging by means of hts is required for staphylococcal pathogenesis in animal 

hosts, heme iron is the preferred iron source during the initiation of infection. 

 Since the hemophore system is restricted to heme iron sources it is not useful in low 

heme environments (e.g. due to aging and iron or vitamin B6 deficiencies), pathogenic 

bacteria have developed another indirect strategy capable of exploiting different types of 

available iron sources. This system involves production of high-affinity, low molecular 

weight ferric iron chelators called siderophores (Wandersman & Delepelaire, 2004). 

Siderophores chelate ferric ion with extremely high affinity, allowing it to be solubilized 

and extracted from organic complexes. Subsequently, either the iron-bound siderophore 

is taken up by ferric-siderophore-specific transporters, or siderophore-bound Fe (III) 

undergoes reduction to Fe (II). The latter process is catalyzed by extracellular or 

membrane-bound ferric-chelate reductases (Schroder et al., 2003). Siderophores are 

discussed in more detail below.  



 

 7 

 

Figure 1.1: A schematic of Gram-negative bacteria heme-uptake systems. (a) The HemR 
receptor of Y. enterocolitica. Heme/Hb binds the HemR receptor and heme transport 
through the receptor channel is TonB-dependent. (b) The HmbR receptor of H. 
influenzae. (c) The Neisserial HpuAB receptor consisting of HpuA, a membrane 
lipoprotein, and HpuB, a Ton-dependent receptor. (d) The hemophore delivers the 
bound heme to a specific outer membrane receptor (HasR). Two siderophore-
specific outer membrane receptors, FepA and FhuA, have been identified in Gram-
negative bacteria. The activity of these receptors is dependent on a protein complex 
composed of two inner membrane proteins, ExbB and ExbD, and TonB, a protein 
anchored to the cytoplasmic membrane. It has been shown that there is a direct 
interaction between TonB and the siderophore-specific outer membrane receptors. 
Heme transport from the periplasm to the cytoplasm involves the ABC protein. IM: 
inner membrane; OM: outer membrane: N, amino terminus; COOH: carboxyl 
terminus (modified from Wandersman & Stojiljkovic, 2000, with permission). 
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1.3.2 Fungal iron/heme sources 

 Less is known about iron uptake by fungi compared to bacteria. Fungi utilize 

several mechanisms for acquiring iron under limited conditions. As in bacteria, some 

fungal species are also able to utilize heme or heme proteins as an iron source in iron-

limited environments. Hemin is the oxidized form of heme and it has been shown that the 

pathogenic yeast, Histoplasma capsulatum is able to use hemin as an iron source (Foster, 

2002), although the exact mechanism is not known. Candida albicans is also able to 

utilize hemin. In C. albicans hemin utilization is dependent on Rbt5, an extracellular 

glycosylphosphatidylinositol (GPI)-anchored receptor (Weissman & Kornitzer, 2004) and 

on CaHmx1, a heme oxygenase (Santos et al. 2003 & Pendrak et al., 2004). In addition, 

C. albicans is able to utilize hemoglobin as an iron source using Rbt5, an extracellular 

receptor (Weissman & Kornitzer, 2004). Ferritin is the main host iron storage protein and 

C. albicans is able to use ferritin as an iron source by the help of cell-surface adhesin, 

Als3, and the high- affinity iron permease, CaFtr1 (Almeida et al., 2008). C. albicans is 

also able to utilize transferrin as an iron source. The pathway involves binding of 

transferrin to an unknown receptor and includes the ferric reductase Fre10 and the high-

affinity permease Ftr1 (Knight et al., 2005). Transferrin utilization is also reported for C. 

neoformans, and is achieved by using iron permease Cft1 (Jung et al., 2008). 

Furthermore, it is known that A. fumigatus utilization of transferrin is dependent on 

siderophore production (Hissen et al., 2004). In the yeast Saccharomyces cerevisiae, 

which is only rarely involved in human diseases (Kwon-Chun & Bennett, 1992), ferric 

reduction is first catalyzed by the iron-regulated copper-dependent metalloreductases, 

Fre1–4p at the plasma membrane through transmembrane electron transfer. Reduced iron 
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(Fe II) is then taken up by a high-affinity ferrous uptake system (Kosman, 2003). 

 In pathogenic fungi, the reductive pathway generally relies on the extracellular 

reduction of free or ligand-bound ferric iron to ferrous iron. This process is usually 

followed by re-oxidation mediated by a high-affinity permease-linked ferroxidase 

(Howard, 1999). In C. albicans, a high-affinity iron permease, CaFtr1, is expressed under 

low-iron conditions, and is required for growth in iron-limiting conditions (Ramanan & 

Wang, 2000). In addition, a multi-copper ferroxidase has also been shown to be required 

for growth under iron-limiting conditions (Eck et al., 1999). In Cryptococcus 

neoformans, two homologs of the high-affinity iron permeases have also been identified, 

Cft1 and Cft2 (Jung et al., 2008). It was reported that in this organism, extracellular iron 

reduction is affected not only by membrane bound reductases, but also by secreted 

reductases and by cell wall melanin (Nyhus et al., 1997). The filamentous fungus, 

Aspergillus fumigatus also contains a homolog of the ferroxidase/permease complex, fetC 

and ftrA. However, it has been reported that the deletion of these genes do not show any 

growth phenotypes and it has been suggested that perhaps the organism compensates for 

this loss by up-regulating the non-reductive iron acquisition system, i.e., siderophore 

secretion (Schrettl et al. 2004).  

 Under iron-depleted conditions, most fungal species produce siderophores. To be 

able to survive in different environmental conditions, fungi usually produce more than 

one type of siderophore. Siderophores have a high affinity for ferric iron and are used by 

most fungi for solubilisation of extracellular ferric iron. There are some yeast species 

such as S. cerevisiae, C. albicans, and C. neoformans (Howard, 1999; Lesuisse & Labbe 

1989; Neilands et al. 1987) that are unable to produce siderophores; however, these 
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organisms can utilize siderophores produced by other microbes (called 

'xenosiderophores') because they synthesize specific transporters.  Siderophore-mediated 

iron uptake involves synthesis and secretion of iron-free siderophores 

(desferrisiderophores), followed by chelation of iron, uptake of the siderophore–iron 

complex, and release of iron intracellularly (Miethke & Marahiel, 2007). The iron has to 

be removed from the Fe-siderophore complex in the cytosol. This is mediated either by 

intracellular ferric-siderophore reductases or by ferric-siderophore hydrolases. The latter 

process is not very well understood. In some fungi, intracellular iron can be stored after 

transfer to intracellular siderophores (Eisendle et al., 2006; Oide et al., 2007; Tobiasen et 

al., 2007). Siderophore structure and biosynthesis are discussed in more detail below. 

1.4 Siderophores 

1.4.1 Bacterial siderophore structure 

 Depending on the chemical nature of the functional groups donating the oxygen 

ligands for ferric iron coordination, siderophores can be divided into three main 

categories: catecholates (catecholates and phenolates; also known as “aryl caps”), 

hydroxamates, and carboxylates. There are also structures that incorporate the chemical 

features of two or more classes into one molecule; these are known as “mixed-type” 

siderophores (Fig. 1.2). The majority of siderophores are either catecholates or 

hydroxamates (Jalal et al., 1984). Although bacteria produce a wide variety of 

siderophores (Hider, 1984), most fungi predominantly produce hydroxamate-type 

siderophores [see section 1.4.5] (Leong, 1986). There are a few exceptions to this rule for 

example; Zygomycetes produce the polycarboxylate siderophore rhizoferrin (Thieken & 

Winkelmann, 1992). There have also been reports of phenolate-compounds being 
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produced under iron-depleted conditions by Postia placenta, Gloeophyllum trabeam 

(Jellison et al., 1991; Machuca et al., 1999) and C. albicans (Ismail et al., 1985); 

however, their exact role in iron transport is still unclear.  

 Fe3+ has a strong preference for a six-coordinate ‘octahedral’ surrounding, 

especially one made up mostly of oxygen atoms as the ligands (Byron et al., 2010). 

Therefore, siderophores with a cyclic structure containing three hydroxamate groups have 

the highest affinity and chemical stability (Haas et al., 2008) because their donor atoms 

can replace the solvent water and surround Fe (III) in a hexacoordinated state resembling 

the octahedral geometry of the aqueous ion (Miethke & Marahiel, 2007). In general, the 

iron binding constant of siderophores can reach >1030 M (Askwith et al., 1996; Neilands, 

1995); however, the effect of pH on siderophore binding affinity should not be ignored. 

Under physiological conditions, complete deprotonation of sideophores is usually not 

achieved so comparing the true relative abilities of different siderophores to bind ferric 

iron would only be possible if the pKa values of their donor groups are considered. 

Catecholate siderophores have pKa values from 6.5 to 8 for the dissociation of the first 

hydrogen and about 11.5 for the second hydrogen from the catecholic hydroxyl groups. 

Hydroxamates show pKa values from 8 to 9 and the pKa values of carboxylates ranges 

from 3.5 to 5 making them efficient siderophores under lower-pH conditions at which 

catecholates and hydroxamates are still fully protonated (Dertz & Raymond, 2003).  

The focus of this thesis is on the structure and synthesis of hydroxamate siderophores.  
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Figure 1.2: Representative structures of different bacterial siderophores. Functional groups 
involved in iron coordination are highlighted: catecholates are in red, phenolates are 
in orange, hydroxamates are in pale yellow, α-hydroxy-carboxylates are in light 
green, and α-keto-carboxylates are in blue-green (modified from Miethke & 
Marahiel, 2007). 
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1.4.2 Biosynthesis of bacterial siderophores 

 All hydroxamate siderophores share the hydroxamate group that forms a strong 

iron-binding bidentate ligand. Typically, most hydroxamate siderophores are made of 

three covalently linked hydroxamate groups via peptide or ester bonds to form an 

octahedral complex. The stability of the complex is achieved by cyclization of the 

siderophore. Cyclization also improves resistance of the siderophore to enzymatic 

degradation (Winkelmann, 2002).  

 In general, hydroxamate groups are built in two steps. The first step involves the N-

hydroxylation of substrate catalyzed by reduced flavin adenine dinucleotide (FAD)-

dependent monooxygenases. These enzymes use molecular oxygen and a set of amino 

acids or polyamines as substrates. In the pathways known so far, one oxygen atom is 

transferred either to the ε-amino group of lysine (e.g., aerobactin pathway) (Fig. 1.5), to 

the δ-amino group of ornithine (coelichelin pathways) (Fig. 1.6), or to one amino group 

of the decarboxylation products, cadaverine (desferrioxamine E and, putatively, 

bisucaberin pathways) and putrescine (alcaligin and, putatively, putrebactin pathways), 

respectively (Challis, 2005; Winkelmann & Drechsel, 1997). The rhizobactin synthesis 

pathway from Rhizobium meliloti is unusual in that diamine 1, 3-diaminopropane is the 

substrate for N-hydroxylation (Lynch et al., 2001). In M. tuberculosis, which produces 

mycobactin (Fig. 1.3 a), the introduction of hydroxamate groups was concluded to be the 

final synthesis step (Moody et al., 2004). In this case, the monooxygenase MbtG 

catalyzes N6-hydroxylation of two lysines that are already part of the siderophore 

complex (Krithika et al., 2006).  
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 The second step is the formylation or acylation of the hydroxylated amine which 

gives rise to the functional hydroxamate. Pyoverdines (Fig. 1.7) of Pseudomonas species 

and ornibactins (Fig. 1.3 b) from Burkholderia species contain formylated N5-hydroxy-

ornithines. However, acylation of hydroxylated amines is much more frequent. Once 

again, mycobactin (Fig. 1.3 a) synthesis is an exception to this rule and the acylation 

occurs prior to the N-hydroxylation (Crosa & Walsh, 2002). The final ligation of the 

building blocks in non-ribosomal peptide synthetase (NRPS)-dependent siderophores, is 

catalyzed by NRPS. NRPS-independent siderophore (NIS) assembly is catalyzed by NTP 

(nucleotide triphosphate)-dependent siderophore synthetases mainly by amide bond 

formation and sometimes also via ester linkages. It seems that the hydroxamate 

containing siderophores may be produced by related hybrid NRPS/NIS acyltransferase 

pathways.  
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Figure 1.3: a) Chemical structure of hydrophilic mycobactin T produced by M. 
tuberculosis (De Voss et al., 2000, with permission). b) Chemical structure of 
the iron-ornibactin complex produced by Burkholderia species. R=methyl or 
propyl or pentyl (Meyer et al., 1995, with permission). 
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1.4.3 Non-ribosomal peptide synthetases (NRPS) 

 Based on the type of the enzymatic machinery involved in biosynthesis, 

siderophores are divided into two groups, those dependent on non-ribosomal peptide 

synthetase (NRPS) modular multienzymes (Crosa & Walsh, 2002), and NRPS-

independent siderophores (NIS) (Challis, 2005).  

 NRPS are composed of modules; a module is a section of the NRPS’s polypeptide 

chain that is responsible for the incorporation of one building block into the growing 

siderophore peptide chain (Fig. 1.4) (Marahiel, 1997). The enzymatic units that reside 

within a module are called domains. Domains catalyze the steps of nonribosomal peptide 

synthesis, i.e., substrate activation, covalent binding, and peptide bond formation (Fig. 

1.4) (Stachelhaus & Marahiel, 1995). Modules are divided into initiation and elongation 

modules. Elongation modules contain at least an adenylation domain (A-domain) for 

substrate recognition, a Peptidyl Carrier Protein (PCP) that holds the activated substrate, 

and a condensation domain (C-domain) for peptide bond formation. Initiation modules 

begin nonribosomal peptide synthesis and lack a C-domain. The A-domain (~550 amino 

acids [aa]) is responsible for the selection of the amino acids. It activates an amino or 

carboxy acid substrate to an amino acyl adenylate at the expense of ATP (Dieckmann et 

al., 1995; Marahiel, 1997). The PCP-domain (~80–100 aa) represents the transport unit 

and accepts the activated amino acid (Ehmann et al., 2000; Stachelhaus et al., 1996). 

PCPs pass amino acids or peptidyl substrates from one catalytic center to the next (Linne 

et al., 2001; Linne, & Marahiel, 2000). The C-domains (~450 aa) are the central entity of 

nonribosomal peptide synthesis and they are responsible for peptide bond formation 

between amino acyl substrates bound to PCPs of adjacent modules (Bergendahl et al., 

2002).  
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Figure 1.4: A schematic of modules in NRPS structures. Modules can be subdivided into 
domains that are responsible for substrate activation (A-domain), covalent 
loading (CP-domain), and peptide bond formation (C-domain). A Peptidyl 
Carrier Protein (PCP) holds the substrate activated by A-domain. Modules 
lacking a C-domain are used for initiation of nonribosomal peptide synthesis, 
and those containing a C-domain are used for elongation (modified from 
Finking & Marahiel, 2004). 
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 NRPSs are responsible mainly for the synthesis of aryl-capped siderophores. In 

general, NRPSs are partially involved in the synthesis of hydroxamate and carboxylate 

siderophores to build a peptidic backbone that is attached to the iron-coordinating 

residues. NRPSs’ involvement in biosynthesis has been reported in few organisms; for 

example coelichelin of Streptomyces coelicolor (Challis & Ravel, 2000; Lautru et al., 

2005), the pyoverdins of fluorescent Pseudomonas spp. (Ackerley et al., 2003, Mossialos 

et al., 2002), the exochelins from nonpathogenic mycobacteria (Yu et al., 1998; Zhu et 

al., 1998), and the ferrichromes/ferricrocins from various fungi (Eisendle et al., 2003; 

Schwecke et al., 2006). Overall, NRPS-mediated siderophore biosynthesis involves the 

assembling of siderophores by activating the precursors and incorporating these into a 

peptide, forming either peptide or ester bonds between the hydroxamate groups, and in 

some cases, via peptide bonds for connecting additional amino acids (Johnson, 2008). 

 Hydroxamate and carboxylate siderophores can also be assembled by NRPS-

independent mechanisms. This mainly relies on different enzymatic activities such as 

monooxygenases, decarboxylases, aminotransferases, ac(et)yltransferases, amino acid 

ligases, and aldolases (Challis, 2005). In several pathogenic bacteria, siderophores 

synthesized by NIS pathways are found as virulence factors, e.g., aerobactin in enteric 

bacteria (Gibson & Magrath, 1969), and staphylobactin in Staphylococcus aureus (Dale 

et al., 2004) (see below). 

1.4.4 Selected bacterial hydroxamate siderophores  

1.4.4.1 Aerobactin 

 Under iron-deficient conditions, several Gram-negative bacteria including E. coli, 
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Shigella species, Yersinia species and Salmonella species produce a siderophore called 

aerobactin. Aerobactin contains a mixture of hydroxamate and α-hydroxycarboxylate 

ferric-chelating ligands and its assembly is by an NRPS-independent biosynthetic (NIS) 

pathway (Fig. 1.5) (Gibson & Magrath, 1969). Aerobactin biosynthesis is guided by a 

cluster of four genes, iucA, B, C and D (Carbonetti & Williams, 1984). The iucD gene 

encodes a flavin-dependent monooxygenase that catalyses hydroxylation of the δ-amino 

group of L-lysine, the iucB gene encodes an acetyl transferase that catalyses N-

acetylation of the hydroxyamino group and results in N6-hydroxy-L-lysine (L-hLys) (Fig. 

1.5) (Thariath et al., 1993; Coy et al., 1986). iucA encodes a synthetase that catalyses 

acylation of the α-amino group in N6-acetyl-N6-hydroxy-L-lysine (L-ahLys) with one of  

 
 

Figure 1.5: A schematic of the proposed NRPS-independent pathway for biosynthesis of 
the citrate-hydroxamate siderophore, aerobactin. (Oves-Costales et al., 2009, 
with permission). 

 

the prochiral carboxyl groups of citric acid to form N6-acetyl- N2-citryl-N6- hydroxy-L-

lysine (Fig. 1.5) (De Lorenzo & Neilands, 1986). Finally, the iucC gene encodes a similar 

synthetase that catalyses condensation of the product of the IucA-catalysed reaction with 
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a second molecule of ahLys to form aerobactin (Fig. 1.5) (De Lorenzo & Neilands, 

1986). To date, every studied NIS biosynthetic pathway involves at least one synthetase 

with sequence similarity to IucA/IucC; therefore, these synthetases have become the 

hallmark of NIS pathways (Challis, 2005). It has also been suggested that the IucA- 

/IucC-catalysed reactions require a nucleotide triphosphate (NTP) as a co-substrate to 

make them kinetically and thermodynamically favourable (Oves-Costales et al., 2009). 

 

1.4.4.2 Coelochelin 

 Coelichelin, a novel tetrapeptide siderophore that contains three iron chelating 

hydroxamate groups from Streptomyces coelicolor was discovered by Lautru and 

collegues (Fig. 1.6) (2005). It is reported that this siderophore is assembled by a 

trimodular NRPS by an iterative mechanism (Challis & Ravel, 2000). It was suggested 

that the most likely activated amino acids in this siderophore complex are: N5-

hydroxyformylornithine (L-fhOrn), L-threonine, and N5-hydroxyornithine (L-hOrn) 

(Challis & Ravel, 2000). Lautru et al. (2005) suggested that since the hydroxylated and 

formylated form of ornithine is present twice in the structure of coelichelin, perhaps the 

A-domain of module 1 works iteratively and activates the amino acid twice during the 

assembly of the tetrapeptide. They also suggested that only one C-domain, either of 

module 2 or module 3, catalyzes the last condensation reaction during the assembly and 

the other domains are skipped during this iteration (Lautru et al., 2005).  

 Coelichelin biosynthesis is unusual because a single trimodular NRPS is 

responsible for assembly of the tetrapeptide structure (Lautru et al., 2005). In most NRPS 

systems, the number and order of modules dictates the number and order of amino acids 
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in the peptide product. It was suggested that the substrates of modules 1 and 3 of the 

NRPS bind the non-proteinogenic amino acids L-N5-formyl-N5- hydroxyornithine and L-

N5 hydroxyornithine, respectively. The biosynthetic gene cluster of coelichelin includes 

two enzymes, the putative L-ornithine N5-hydroxylase (CchB) and the L-N5-

hydroxyornithine-formyltransferase (CchA) (Fig. 1.6). These enzymes are proposed to be 

responsible for the modification reactions at the ornithine side chains (Lautru et al., 2005; 

Challis & Ravel, 2000). The ornithine N5-hydroxylase CchB catalyzes the first step in the 

generation of N5-hydroxyornithine and N5-hydroxyformylornithine, hydroxylation of L- 

ornithine. This monooxygenase enzyme is dependent on nicotinamide adenine 

dinucleotide phosphate (NADPH), the cofactor flavin adenine dinucleotide (FAD), and 

molecular oxygen for its catalytic activity (Fig. 1.6) (Stehr et al., 1998). NADPH reduces 

the flavin, and the reduced flavin forms a putative flavin-peroxi species with molecular 

oxygen that oxidizes the substrate (Macheroux et al., 1993).  
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Figure 1.6: Chemical structure of coelichelin from S. coelicolor and a schematic of 
synthesis of precursor molecules. a) The coelichelin structure with the 
hydroxamate groups highlighted in grey. b) CchB synthesizes N5-hydroxy- 
ornithine followed by formylation reaction catalyzed by CchA; N10-
formyltetrahydrofolate is used as cosubstrate in the process (Pohlmann & 
Marahiel, 2008, with permission).  

 

 

1.4.4.3 Pyoverdin 

 Pseudomonas aeruginosa, an opportunistic human pathogen, produces a water 

soluble, yellow-green fluorescent compound called pyoverdin under iron-limited 
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conditions. Pyoverdin is a hydroxamate siderophore composed of a 6,7-

dihydroxyquinoline containing fluorescent chromophore joined to the N terminus of a 

partly cyclic octapeptide (D-Ser-L-Arg-D-Ser-L-N5- OHOrn- L-Lys-L-N5-OH-Orn-L-Thr-

L-Thr, in P. aeruginosa PA01) (Abdallah & Pattus, 2000). While the chromophore in 

different pyoverdins from a number of fluorescent Pseudomonas is conserved with minor 

structural variations, the peptide composition is very strain-specific. This peptidic part 

can have L- and D-amino acids, some of which are unusual, such as N5-hydroxyornithine, 

N5-formyl-N5-hydroxyornithine and hydroxyaspartate. 

 Pyoverdines produced by P. aeruginosa can be of three types (PVDI, II and III) 

(Fig. 1.7) (Meyer et al., 1997). Pyoverdine synthesis in P. aeruginosa strain PAO1 that 

produces PVDI has been most extensively studied.	  As can be expected from the 

occurrence of D-amino acids in the peptide sequence of siderophores from the pyoverdin 

family, the synthesis of the oligopeptides does not proceed on the ribosomes. For 

pyoverdin biosynthesis, it has been suggested that a precursor molecule is derived from 

amino acid precursors that are assembled by NRPSs. In addition, there are other enzymes 

that give rise to the substrates for the NRPS enzymes and catalyze additional reactions for 

completing the maturation of pyoverdins (Visca et al., 2007).  
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Figure 1.7: Pyoverdines produced by P. aeruginosa; R: an acyl chain (figure modified 
from Lamont et al., 2009). 

 

 

 The synthesis of the peptide precursor involves the PvdI, PvdJ, PvdL and PvdD 

NRPSs (Merriman et al., 1995; Lehoux et al., 2000; Mossialos et al., 2002; Ackerley et 

al., 2003; Lamont and Martin 2003; Ravel and Cornelis, 2003; Visca, 2004). Dorrestein 

et al. (2003) reported that the maturation of the chromophore involves a series of oxido-
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reduction steps of a condensation product of D-tyrosine and L-2, 4-diaminobutyrate, part 

of the peptide precursor. The formation of L-2, 4-diaminobutyrate is catalysed by the 

PvdH enzyme (Vandenende et al., 2004). Another enzyme important for pyoverdine 

synthesis is PvdA that functions as an L-ornithine-N5-oxygenase and provides part of the 

side-chain hydroxamates of the siderophore (Visca et al., 1994; Ge & Seah, 2006; Imperi 

et al., 2008). Other enzymes are PvdF that encodes a hydroxyornithine-formylating 

enzyme (McMorran et al., 2001) and PvdYII that encodes a hydroxyornithine acetylase 

(Lamont et al., 2006). NRPS that are in the cytoplasm assemble the peptide backbone of 

pyoverdin giving rise to a pyoverdin precursor without a chromophore (Merriman et al., 

1995; Lehoux et al., 2000; Mossialos et al., 2002; Ackerley et al., 2003; Lamont and 

Martin 2003; Ravel and Cornelis, 2003; Visca, 2004). This precursor is then transported 

across the cytoplasmic membrane into the periplasm for maturation. This transport is 

assisted with PvdE, an “export” ABC transporter with a fused ATPase and permease 

component (McMorran et al., 2001; Saurin et al., 1999). pvdN, pvdO, pvdP and pvdQ are 

also required for pyoverdine synthesis (Lamont and Martin, 2003) the three latter genes 

encode periplasmic enzymes whose functions are known (Lewenza et al., 2005). 

	  

1.4.5 Fungal Hydroxamate Siderophores 

 The structures of fungal siderophores (most of which are hydroxamates), are 

derived from L-ornithine (Plattner & Diekmann, 1994) and those identified to date do not 

vary as much as bacterial siderophores. It is suggested that the biosynthetic pathways of 

various fungal hydroxamate siderophores are similar because of their common basic unit, 

N5-acyl-N5-hydroxyornithine (Hider, 1984; Mei & Leong, 1994). Figure 1.8 shows a 
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proposed general fungal siderophore biosynthetic pathway (proposed by Plattner & 

Diekmann 1994, and modified by Haas et al., 2008). There are four main recognized 

families of fungal hydroxamates: (i) Rhodotorulic acids, (ii) Coprogens, (iii) 

Ferrichromes, and (iv) Fusarinines. Representatives of each family member are shown in 

Figure 1.9. 

Rhodotorulic acids are structurally the simplest siderophores forming dipeptides 

consisting of two N5-acetyl-N5-hydroxyornithine units linked head to head to form a 

diketopiperazine ring. These siderophores are produced by some phytopathogens (e.g., 

Stemphylium botryosum and Epicoccum purpurescens (Mei & Leong, 1994; Manulis et 

al., 1987) and by pathogenic fungi, Histoplasma capsulatum (Burt, 1982) and 

Blastomyces dermatitidis (Burt, 1983). The binding of iron is weaker than that of the 

other three hydroxamate families. A derivative of rhodotorulic acid is a dihydroxamate 

named dimerum acid; 3 mol of dimerum acid is combined with 2 mol of iron to form the 

iron-bearing ligand. However, unlike the rhodotorulic acid family, 1 mol of iron 

combines with one ligand in the coprogen, ferrichrome, and fusarinine families (van der 

Helm & Winkelmann, 1994). 
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Figure 1.8: A schematic of fungal siderophore biosynthetic pathway (modified from 
Haas et al., 2008). 

 

 The coprogens are linear dihydroxamate and trihydroxamate ligands composed of 

trans-fusarinine units (Leong & Winkelmann, 1998). In dimerum acid, the acyl groups 

are trans-anhydromevalonyl moieties (the same as in trans-fusarinine), while in 

rhodotorulic acid, they are acetyl groups (Winkelmann, 1990). In the trihydroxamates, a 

third trans-fusarinine unit is esterified to the terminal -OH group of dimerum acid. The α-

amino group of the third ornithine residue can be free (Jalal et al., 1988), acylated (Jalal 

& van der Helm, 1989) or methylated (Jalal et al. 1988).  
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Figure 1.9: Representative chemical structures of fungal siderophores (modified from 
Haas et al., 2008). 

 

 Ferrichromes are cyclic hexapeptides consisting of three N5-acyl N5-

hydroxyornithines and three additional amino acids; their general formula includes two 

residues consisting of alanine, serine or glycine with the third residue always being a 

glycine (Hossain et al., 1997). A number of different acyl groups have been found in this 

family. Two exceptions to the above rule are des (diserylglycyl) ferrirhodin and 

tetraglycylferrichrome. Des (diserylglycyl) ferrirhodin is a linear trimer composed of 

three ornithine residues joined head-to-head by peptide linkages, with cis- 

anhydromevalonic acid as the acyl group (Jalal et al., 1985). Tetraglycylferrichrome is a 
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cyclic heptapeptide made up of three ornithine and four glycine residues; the acyl group 

is acetyl (Deml et al., 1984). An important function of ferrichromes is the intracellular 

storage of iron.  

 Fusarinines (also called fusigens), are linear or cyclic hydroxamates where the basic 

unit is a N5- hydroxyornithine N-acylated by anhydromevalonic acid. Fusarinine C 

(fusigen), and triacetylfusarinine C, the non-acetylated and acetylated forms, 

respectively, are models of this family consisting of a cyclic trimer of three cis-fusarinine 

units linked by ester bonds. Polymerization of the cis-fusarinine monomers occurs 

between the carboxyl group of ornithine and the 5-hydroxy group of the acyl moiety 

(Moore & Emery, 1976). Neurosporin (Fig. 1.10), also a fusarinine, is unique amongst 

fungal siderophores because it contains 3-hydroxy-butyric acid residues as the N5-acyl 

groups, and is derived from D- rather than L-ornithine (Eng-Wilmot et al., 1984). 

 As stated above, the first enzyme in the siderophore synthesis pathway in fungi is 

L-ornithine N5- oxygenase (or, ornithine N5-hydroxylase). This enzyme catalyzes the N-

hydroxylation of L-ornithine and with the attachment of an acyl group from acyl CoA 

derivatives by N5- transacylases, the hydroxamate group is formed next. Schrettl et al. 

(2007) reported that in A. fumigatus at this step, SidF encodes the N5-hydroxyornithine: 

cis anhydromevalonyl coenzyme A N5- transacylase that is required for biosynthesis of 

fusarinine C and triacetylfusarinine C (Schrettl et al. 2007). The final step is linking the 

hydroxamate groups and sometimes other amino acids by NRPSs to complete the 

siderophore complex (Marahiel, 1997). In case of triacetylfusarinine C, acetylation is also 

required at the N2 amino group to make the final product. In A. fumigatus, SidG encodes  

the N2-transacetylase required for biosynthesis of triacetylfusarinine C (Schrettl et al., 
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2007).  

 Table 1.1 lists NRPS genes that have been functionally characterised. These genes 

are responsible for final assembly of siderophore structures. Siderophore synthetases 

have been identified from various filamentous fungi. In U. maydis, Sid2 gene (Table 1.1) 

and fer3 were predicted to be the producers of ferrichrome A by Schwecke et al. (2006). 

In addition, the A. nidulans sidC gene encodes the ferricrocin synthetase and is comprised 

of three adenylation, five condensation and five thiolation domains (Eisendle et al., 2003; 

Haas, 2003). Even though there are only three complete modules, the entire hexapeptides 

of the cyclic hydroxamate-type siderophores, such as triacetylfusarinine C and 

ferricrocin, are formed by repeated use of NRPS modules. SidB of A. nidulans encodes an 

uncharacterised NRPS that is potentially involved in siderophore biosynthesis (Oberegger 

et al, 2002). In F. graminearum, NPS6 (part of the NRPS complex) is involved in 

triacetylfusarinine C biosynthesis and NPS2 in ferricrocin biosynthesis (Table 1.1). 
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Figure 1.10: Neurosporin, a unique fusarinine siderophore produced by the fungus, 
Neurospora crassa (Renshaw et al., 2002, with permission) 

Table 1.1: Fungal NRPS genes involved in siderophore biosynthesis (modified from 
Johnson, 2008). 

 
Organisms NRPS 

genes 
References 

Aspergillus nidulans sidC Eisendle et al., 2003 
Alternaria brassicicola NPS6 Oide et al., 2006 
Fusarium graminaerum NPS6 Oide et al., 2006 
Cochliobolus 
heterostrophus 

NPS6, 
NPS2 

Oide et al., 2006 

Fusarium graminaerum NPS2 Schwecke et al., 2006 / Oide et al., 
2006 

Schizosacccharomyces 
pombe 

sib1 Schwecke et al., 2006 

Ustilago maydis sid2 Yuan et al., 2001 
Epichloe ̈ festucae sidN Johnson et al., 2007; L. Johnson 

unpublished results 
E. festucae sidC L. Johnson unpublished results 
Magnaporthe grisea SSM1 Hof et al., 2007 
Aspergillus fumigatus sidC, sidD Schrettl et al., 2007 
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 Often the ornithine N5-oxygenase gene is found clustered with a siderophore 

synthetase gene. For example, the U. maydis sid1 and Sid2 genes are divergently 

transcribed from an intergenic region (Yuan et al., 2001), whereas in F. graminearum, 

the NPS2 gene is the next ORF to the predicted sid1 orthologue, located 8 kb away 

(Tobiasen et al., 2007). In A. fumigatus, the expression of three NRP synthetase genes 

(SidC, D and E) have been identified and these genes are susceptible to regulation by free 

iron levels present in the culture medium. In A. nidulans, a close relative of A. fumigatus, 

transcription of the gene encoding orthologue of A. fumigatus SidC is repressed by iron 

and is mediated by the negative-acting GATA-type transcription factor SreA (Oberegger 

et al., 2002). Based on a genome-wide DNA microarray analysis, Schrettl and colleagues 

(2008) identified 49 genes that were repressed by iron in an SreA-dependent manner and 

named this gene set the SreA regulon (Schrettl et al., 2008). This SreA regulon contained 

both sidC and sidD genes which were previously found to be involved in siderophore 

metabolism (Eisendle et al., 2003; Schrettl et al., 2007). The NRPS SidE had previously 

been suggested to be involved in siderophore biosynthesis as well (Reiber et al., 2005; 

Perrin et al., 2007); however Schrettl et al. (2008) reported that no clear homologue 

could be detected in A. nidulans or U. maydis for this gene (Schrettl et al., 2008). In 

addition, they reported that sidE but not sidD or sidC is regulated by LaeA, a regulator of 

many secondary metabolite gene clusters (Perrin et al., 2007) and since SreA does not 

affect expression of LaeA-controlled secondary metabolism gene clusters a direct role for 

SidE in biosynthesis of triacetylfusarinine C (TAFC) or ferricrocin (FC) would be 

unlikely (Schrettl et al., 2008). 
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 Furthermore, SidA encodes an L-ornithine-N5-monooxygenase, which catalyzes the 

first step in the siderophore biosynthesis pathway in both A. nidulans (Eisendle et al., 

2003) and A. fumigatus (Schrettl et al., 2004). The product of the sidA gene from A. 

fumigatus is the focus of my study. More details about the pathogenic potential of 

this fungus, and the role of siderophore secretion in virulence, are presented in the 

following section. 

 

1.5 Aspergillus fumigatus 

 Aspergillus fumigatus is a saprophytic filamentous fungus (mould) associated with 

decaying organic matter such as compost and hay that plays an important role in 

recycling environmental carbon and nitrogen, and its natural ecological niche is the soil 

(Latgé, 2001). A. fumigatus (Fig. 1.11) is found worldwide, has relatively flexible 

nutrient requirements and so is able to grow rapidly on minimal conditions containing 

only a carbon and a nitrogen source (Latgé, 2001). This organism is also thermophilic 

with mycelial growth occurring at temperatures as high as 55°C and conidial survival at 

temperatures up to 70°C (Brakhage & Langfelder, 2002). It produces large amounts of 

gray-green mitotic conidiospores (conidia) 2.5–3.0 µm in diameter. Their small size 

allows them to remain airborne for long periods of time thereby promoting dispersal 

(Brakhage & Langfelder, 2002). The genus Aspergillus contains ~200 species classified 

within the division Ascomycota. Ascomycota are characterized by the formation of 

ascospores during sexual reproduction; however, in case of A. fumigatus for years it was 

assumed that asexual reproduction through the formation of the conidiophores that 

produce haploid mitotic conidia was the primary form of reproduction. Recently, studies 
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of the genome suggested that A. fumigatus has many characteristics of a sexual species 

and may be capable of sexual reproduction (Galagan et al., 2005). This claim was based 

on the analysis of the 215 genes involved in the fungal mating process, which is typical of 

sexually reproducing heterothallic (obligately outcrossing) fungi. The 29.4-megabase 

genome of A. fumigatus has been fully sequenced, annotated and published (Galagan et 

al., 2005). In 2009, O’Gorman et al. reported that A. fumigatus does in fact possess a 

fully functional sexual reproductive cycle that is based on a heterothallic breeding 

system, meaning the presence of complementary mating types are required for sex to 

occur. Parasexuality was also described for the organism in the early 1960s; parasexuality 

is the capability of two fungal strains growing close to each other to form a heterokaryon 

without meiosis and fertilization which results in diploid nuclei that can be maintained in 

a stable diploid form (Brakhage & Langfelder, 2002). Nevertheless, the overwhelming 

mode of reproduction for A. fumigatus is via asexually-produced conidia. 
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Figure 1.11: Light microscope images of A. fumigatus. A. A. fumigatus colonies on malt 
extract agar after one week. B. A close view of an A. fumigatus colony 
showing columnar conidial heads. C, D. conidial heads. E. Individual conidia 
(Courtesy of Fungal research Trust: www.aspergillus.org.uk). 
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1.6 Diseases caused by A. fumigatus 

 A. fumigatus is a major primary pathogen of insects and birds, especially turkeys, 

and is also an important opportunistic pathogen of humans. Although several other 

species of Aspergillus may cause disease in humans (e.g., A. niger, A. nidulans, A. 

terreus) (Denning, 1998), A. fumigatus is responsible for ~90% of all human Aspergillus 

infections (Latgé, 2001). The severity of the disease caused by A. fumigatus is highly 

dependent on the immune status of the individual. In general, disease caused by this 

fungus can be divided into three main categories: 1. allergic diseases such as asthma, 

allergic sinusitis and alveolitis, and allergic bronchopulmonary aspergillosis (ABPA); 2. 

non-invasive disease such as aspergilloma (Moss, 2005; Denning et al., 2006) and, 3. 

invasive disease such as invasive aspergillosis (IA) (Denning, 1998). ABPA is a 

significant concern for patients with asthma and cystic fibrosis (Tillie-Leblond & Tonnel, 

2005) whereas aspergilloma is a condition in which  “fungal balls” grow in pre-existing 

lung cavities of patients who have recovered from tuberculosis (Akbari et al., 2006). 

Invasive aspergillosis is a disease of immunocompromised patients (Brakhage, 2005). 

Inhalation of conidia is the major route of entry for almost all the cases and two of the 

suspected pulmonary sites of infection are the epithelia of the bronchi and the alveoli in 

the lungs (Latgé, 2003). 

The steady increase in the number of immunocompromised individuals over the 

past two decades and the relative lack of efficacy of diagnostic procedures and antifungal 

drugs has made A. fumigatus the most important airborne fungal pathogen worldwide 

(Odds et al., 2003). In immunocompetent individuals, A. fumigatus is effectively 

eliminated by the innate immune system. However, patients with immunosuppressive 
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conditions, e.g., AIDS, cancer patients undergoing cytotoxic chemotherapy and 

organ/bone marrow transplant recipients, patients with chronic granulomatous disease, 

and those with leukemia have the highest at risk to develop IA (Brookman and Denning, 

2000, Patterson, 2005). For most patients, the disease occurs predominantly in the lungs 

where conidia germinate to produce septate hyphae that penetrate the epithelial and 

endothelial barriers. In some cases the fungus may enter the blood stream (Latgé, 1999) 

infecting virtually any other organ (Fig. 1.12). 

 In the lungs of immunocompetent individuals, mucociliary clearance and 

phagocytic defence normally prevent the disease. The primary line of defense against 

Aspergillus infection are alveolar macrophages (AM) which phagocytose and 

subsequently destroy inhaled conidia (Ibrahim-Granet et al., 2003). Upon exposure of 

lungs to larger numbers of conidia, in addition to phagocytic activity of macrophages, 

neutrophil recruitment and formation of active oxidative aggregates occurs which 

prevents germination of conidia. Neutrophils adhere to the surface of the hyphae and this 

contact between neutrophils and hyphae triggers a respiratory burst (Bonnett et al., 2006). 
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Figure 1.12: Images of aspergillosis. a. Cerebral aspergillosis: Section though unfixed 
brain showing large pale area of infarction deep in the parietal cortex, in 
which Aspergillus hyphae were seen histologically. b. Intestinal aspergillosis: 
yellow arrows point at the perforations of intestine caused because of A. 
fumigatus infection (courtesy of Fungal research Trust:  
www.aspergillus.org.uk) 

 

The first and essential step in elimination of invading microorganisms is their 

recognition by the innate immune system. At the molecular level, studies have shown that 

the recognition process of A.fumigatus by immune effector cells involves Toll-like 

receptors TLR2 and TLR4 (Meier et al., 2003; Netea et al., 2003; Braedel et al., 2004; 

Bellocchio et al., 2004), although there are some discrepancies between the conclusions 

of these different studies. TLRs have a major role in mediating cellular immunity. They 

are expressed by macrophages, neutrophils, dendritic and epithelial cells. Two members, 

TLR2 and TLR4 are shown to participate in fungal recognition by responding to fungal 

surface polysaccharides (Uematsu & Akira, 2006). 
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In general the targets of all antifungal agents used to treat life-threatening 

mycoses are focused, directly or indirectly, on the cell envelope (i.e. the cell wall and 

plasma membrane), and particularly on the fungal membrane sterol, ergosterol, and its 

biosynthesis (Odds et al., 2003). Current therapeutic options for invasive fungal disease 

include echinocandins, polyenes, and azoles classes of anti-fungal agents (Winkler et al., 

2010). Invasive aspergillosis is treated mainly by the antifungal drugs amphotericin B (a 

polyene), voriconazole (a triazole) and caspofungin (an echinocandin) (Hope and 

Denning, 2004; O’Shaughnessy et al., 2006). Amphotericin B binds to ergosterol, the 

principal sterol in fungal membranes, and disturbs membrane function to the point of 

causing leakage of cellular contents (Odds et al., 2003). Triazoles’ (azoles’) principal 

molecular target is a cytochrome P450 – Erg11p, which catalyses the oxidative removal 

of the 14α-methyl group of lanosterol in fungi by a typical P450 mono-oxygenase 

activity. Triazoles inhibit 14α-demethylation of lanosterol in the ergosterol biosynthetic 

pathway (Vanden Bossche et al., 1995). This causes ergosterol to be depleted and 

replaced with unusual sterols and therefore alters the normal permeability and fluidity of 

the fungal membrane (Marichal et al. 1985). The target for the echinocandins is the 

complex of proteins responsible for synthesis of cell wall β-1,3 glucan polysaccharides 

(Douglas, 2001).  

Clinical trials of antifungals in patients with invasive aspergillosis have found that 

a better response and survival rate occurred with voriconazole compared to deoxycholate 

amphotericin B (Herbrecht et al., 2002). The recent Infectious Diseases Society of 

America guidelines highlight the importance of initiating therapy with a triazole 

antifungal (Steinbach, 2010). Generally, newer treatment techniques use a combination 
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therapy between different new drugs, e.g., voriconazole and caspofungin for transplant 

patients (Singh et al., 2006) or caspofungin and liposomal amphotericin B in allogeneic 

hematopoietic stem cell recipients (Groll et al., 2010). These treatments are somewhat 

effective but mortality rates are still unacceptably high and range from 25-65%, 

depending on the patient group (Hope and Denning, 2004).  

 Because fungal pathogens are eukaryotes and therefore share many of their 

biological processes with humans, most antifungal drugs are associated with toxicity 

which can be dose limiting. The adverse side effects from antifungal drugs such as 

amphotericin B and voriconazole are among the factors that give rise to high mortality 

rates from IA; for example, amphotericin B, one of the oldest available treatments for 

aspergillosis, may cause nephrotoxicity in some patients (Latgé, 1999). There are also 

limitations associated to voriconazole usage and therefore despite its clear efficacy it may 

not always be the proper choice. A main concern is drug toxicity and higher than 

anticipated levels of voriconazole may be seen in patients with hepatic impairment 

(Anonymous, 2001) or in those with a genetic deficiency of the cytochrome P450 enzyme 

CYP2C19, the most important of three human cytochrome P450 enzymes involved in 

voriconazole metabolism (Anonymous, 2001; Hyland et al., 2003).  

In case of  “salvage therapy” for unmanageable disease, which is when the initial 

antifungal agent fails, options include switching antifungal classes (such as an 

echinocandin or an amphotericin B deoxycholate), or combination therapy with drugs 

that are active against multiple cellular targets (Steinbach, 2010). Overall no matter 

which antifungal agent is being administered for treatment, immune reconstitution is very 

important. Recovery of immune function, through decreased immunosuppression along 
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with administration of exogenous stimulating factors is key to disease resolution 

(Steinbach & Stevens, 2003). 

Another substantial obstacle to successful treatment of invasive aspergillosis is 

timely diagnosis. The main approach for diagnosis of A. fumigatus infections is 

radiological assessment, which is done with CT or MR imaging. For peripheral 

pulmonary lesions, needle biopsy or surgical resection of the lesion and for central 

lesions thoracotomy and resection are the procedures of choice (Denning, 1998). For 

patients in whom surgical resection is impossible, bronchoscopy and bronchoalveolar 

lavage are performed. Fluid obtained by bronchoalveolar lavage, are analyzed by 

microscopy and fungal culture growth (Levy et al., 1992; Kahn et al., 1986). Microscopy 

is particularly useful in the case of airway and wound aspergillosis in which fruiting 

bodies are sometimes seen. Although microscopy is moderately sensitive, because several 

other fungi may have similar microscopic and histological appearances it does not allow 

confirmation of the diagnosis of aspergillosis (Jenssen et al., 1997; Denning, 1998). 

Culture of Aspergillus from an infected sterile site can provide definitive proof of disease, 

and also allows the organism to be tested for susceptibility (Denning, 1998). 

Fluids and aspirates from infected lesions and blood may also be tested by 

serological methods such as specific ELISA. For example, for high-risk patients, many 

centers use twice-weekly screening with serum galactomannan (GM) available as a 

double-sandwich ELISA (Steinbach, 2010; Maertens et al., 2005). GM is a released 

polysaccharide, and although it is not a single molecule, it is a part of the living 

Aspergillus cell wall. Since GM is not found on other fungi, its detection is quite specific 

for IA (Steinbach, 2010). It is reported that a strong infection yields an elevated GM in 
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the right patient population; however, the challenge has been defining the correct patient 

population. For example, it is shown that patients with hematologic malignancies or those 

undergoing hematopoietic stem cell transplantation are the best populations for this assay, 

whereas it does not work as well in solid organ transplant recipients (Walsh et al., 2002). 

Overall, lack of test standardization, difficulties in understanding how tests apply to 

different stages of the infectious process from colonisation to tissue damage and 

difficulties in recognizing many different manifestations of invasive aspergillosis are few 

examples of above mentioned diagnostic challenges (Hope & Denning, 2004).  

1.7 Putative virulence factors of A. fumigatus 

 Although A. fumigatus is known to be one of the most common fungal pathogens 

causing the vast majority of IA, it is not the most prevalent airborne fungus (Shelton et 

al., 2002). This indicates that A. fumigatus possesses virulence factors that can allow it to 

successfully colonize a host. For example, the small (2-3 µm) spore diameter which 

permits access to the alveoli, a relatively rapid rate of growth at 37°C (Latgé, 1999), and 

thermotolerance are among the obvious characteristics that contribute to its ability to 

grow and spread in vivo. Other factors that have been associated with virulence are 

presented below. 

The search for virulence factors of A. fumigatus has been underway for many 

years. Most of the findings to date suggest a multifactorial virulence pattern for this 

fungus and it has been suggested that A. fumigatus possesses a unique combination of 

different traits, which together make it a successful pathogen (Latgé, 2001).  There are 

several factors that have been identified which may contribute to the invasiveness of the 

fungus in vivo. The conidia of A. fumigatus bind to a wide range of host proteins 
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including fibrinogen, laminin, complement, fibronectin, albumin, immunoglobulins, and 

collagen via their cell wall (Annaix et al., 1992; Bromley & Donaldson, 1996; Tronchin 

et al., 1997; Tronchin et al., 1995; Penalver et al., 1996; Gil et al., 1996; Coulot et al., 

1994; Bromley & Donaldson, 1996; Bouchara et al., 1997). Fungal cell wall components 

are thought to mediate adhesion of the fungus in lung tissue (Rementeria et al., 2005).  

Work in the Moore laboratory has found that conidial adhesion to and uptake by 

lung epithelial cells and cultured macrophages is partially mediated by fungal 

sialoglycoconjugates (Warwas et al., 2007). In addition, pathogenic species of 

Aspergillus possess higher levels of sialic acids on the conidial surface compared to non-

pathogens (Wasylnka et al, 2001); however, the precise role of sialic acids in fungal 

virulence has yet to be determined.  

 In addition to providing structural integrity and physical protection to the cell, the 

cell wall is the main line of defense for fungus against a hostile environment and is the 

structure responsible for the interaction with the host and therefore is often the target of 

the host immune system during fungal infections. In A. fumigatus, the cell wall is mainly 

composed of polysaccharides and proteins (Gastebois et al., 2009). Among the 

polysaccharides there are linear β(1–3)-glucans, branched with β(1–6) links; linear β(1–

3/1–4)-glucans; α(1–3)-glucans; chitins; and galactomannans (Gastebois et al., 2009; 

Latge, 2007; Latge et al., 2005). It is generally believed that the maintenance of cell wall 

integrity as well as changes in its composition to adapt to the host environment gives the 

cell wall the potential to be involved in pathogenicity.  

 There are three predicted α-(1,3) glucan synthase genes in the A. fumigatus genome 

(ags 1-3), but deletion of ags3 increased virulence without affecting α-(1,3) glucan 
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content (Maubon et al., 2006). The normal level of α-(1,3) glucan was explained to likely 

be a consequence of redundancy between ags1 and ags3 since ags1 levels were 

dramatically upregulated in the Δags3 strain. The authors speculated that the 

hypervirulence of Δags3 may be due to the observed increase in melanin, greater 

resistance to oxidative stress, and more rapid germination of the mutant conidia (Maubon 

et al., 2006). Chitin is a polymer of N-acetyl-glucosamine that gives the wall a higher 

tensile strength (Roncero, 2002). A. fumigatus has at least seven chitin synthase encoding 

genes, but only chsG has shown an influence on virulence, with a ΔchsG mutant strain 

producing lower mortality rates in a mice infection model (Mellado et al., 1996). The 

galactomannans in the cell wall are composed of mannose chains with branches formed 

by small side chains of five molecules of β(1–5)-galactose linked to mannan (Gastebois 

et al., 2009). Galactofuranose biosynthesis starts with the isomerization of UDP-

galactopyranose to UDP galacto-furanose by UDP galactomutase encoded by the glfA 

gene. ΔglfA strains displayed attenuated virulence in a low-dose mouse model of IA and 

showed an increased susceptibility to various antifungal agents (Schmalhorst et al., 

2008). It was also suggested that this galactomannan could be useful for adhesion to host 

components such as fibronectin and laminin (Ben-Ami & Kontoyiannis, 2010; Hohl & 

Feldmesser, 2007). 

Other proteins present in the cell wall and related to virulence are linked to 

glycosyl-phosphatidyl-inositol (GPI) motifs. Interestingly, an A. fumigatus cell wall 

mutant (∆ecm33), which has defects in a GPI-linked protein, is hypervirulent in infected 

immunosuppressed mice (Romano et al., 2006). It has been suggested that the 

hypervirulence in this mutant could be the result of faster germination (thereby evading 
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macrophage killing), higher concentrations of conidial melanin (leading to increased 

resistance to ROS), and/or its tendency towards conidial clumping (leading to occlusion 

of blood vessels) (Kavanagh, 2007).  

Hydrophobic proteins (hydrophobins) in the cell wall of the conidia form a rodlet 

layer and by retarding water, improve conidial dispersion in the atmosphere. 

Furthermore, hydrophobins may protect conidia from macrophages in the alveolus 

(Latgé, 2001; and Thau et al, 1994) and inhibit the ciliary action of the respiratory tract 

(Amitani et al., 1995). These proteins appear to play an essential role in the hydrophobic 

interactions between the fungus and the host; A. fumigatus contains six hydrophobin 

genes of which two, rodA and rodB, were studied and it was concluded that they are not 

essential for the virulence of the fungus (Penalver et al., 1996). Nevertheless, a recent 

paper by Aimanianda et al. (2009) showed that the hydrophobin layer is important in 

preventing immune recognition of the conidia prior to germination. 

 A. fumigatus produces several toxic secondary metabolites (Sutton et al., 1994) 

that may contribute to pathogenesis. These toxic molecules can suppress the innate 

immune system, e.g., deposition of dihydroxynapthalene (DHN)-melanin in the conidial 

wall that inhibits phagocytosis (Rementeria et al., 2005). Pigments such as melanin also 

protect the fungus against reactive oxygen species (ROS) secreted by macrophages and 

polymorphonuclear leukocytes thereby increasing the survival of the fungus (Hogan et 

al., 1996). It has been shown that PksP, the enzyme involved in the first step of melanin 

biosynthesis is active in vitro only during conidiogenesis, but continues to be expressed 

during hyphal growth in the lungs of infected mice (Langfelder et al., 2001). A mutant 

producing pigmentless, white conidia was generated by deletion of PksP (Alb1) (Tsai et 
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al., 1999). This mutant was more sensitive to oxygen radicals and macrophages and 

showed increased ingestion by neutrophils and reduced virulence in a mouse model for 

IA (Jahn et al., 1997; Tsai et al., 1998); however; since many non-pathogenic fungi also 

contain melanin; it is unlikely that melanin alone is responsible for the virulence of A. 

fumigatus.  

 Gliotoxin is the most potent toxin produced by A. fumigatus (Kwon-Chung & 

Sugui, 2009).  Several immunosuppressive roles have been reported for this toxin 

including inhibition of macrophage phagocytosis, mitogen-activated T cell proliferation, 

mast cell activation, cytotoxic T-cell response, and monocyte apoptosis (Eichner et al., 

1986; Mullbacher & Eichner, 1984; Stanzani et al., 2005; Yamada et al., 2000). 

Gliotoxin also suppresses ROS production and impairs neutrophil phagocytic capacity 

(Orciuolo et al., 2007), and reduces the ciliary movement of epithelial cells (Amitani et 

al., 1995). It has also been reported that gliotoxin induces ROS-facilitated apoptotic cell 

death by activating the Bak gene of mice, a member of proapoptotic Bcl-2 family (Pardo 

et al., 2006). 

A putative cluster of 12 genes involved in gliotoxin biosynthesis was discovered 

by Gardiner & Howlett in 2005. gliP encodes a multimodular nonribosomal peptide 

synthase that catalyzes the first step of the pathway (Balibar & Walsh, 2006). Two 

studies have shown that blocking gliotoxin production by disrupting the gliP gene had no 

effect on virulence in neutropenic mice, arguing against a major role for this toxin in the 

pathogenesis of aspergillosis (Cramer et al., 2006; Kupfahl et al., 2006). However, in 

non-neutropenic mice treated with cortisone, the virulence of gliP mutant strains was 

lower than the reference strains (Spikes et al., 2008; Sugui et al., 2007). These results 
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implied that gliotoxin enhanced virulence only when some neutrophil function was 

present by inducing neutrophil apoptosis (Spikes et al., 2008). 

 Hydrolytic enzymes have also been shown to contribute to the invasion of the host 

tissues (Hogan et al., 1996); e.g. proteases, glycosylhydrolases, and phospholipases can 

break down polymeric substrates in the lung matrix (Latgé, 1999) causing cell 

detachment in pulmonary cell lines (Kothary et al., 1984), and ultimately promoting 

growth of mycelia (Rementeria et al., 2005). Secreted phospholipases of A. fumigatus 

break the ester bond of phosphoglycerides and can destabilize the host cell membranes 

causing cell lysis (Rementeria et al., 2005). It has been shown that A. fumigatus secrets a 

phospholipase called phospholipase C, which has not been detected in other species; this 

phospholipase is produced in a higher proportion in clinical than environmental isolates 

(Birch et al., 2004). It is important to note that while high phospholipase production was 

found to be associated with development of invasive aspergillosis, not all isolates that 

caused invasive diseases have displayed high phospholipase activity (Alp & Arikan, 

2008). 

It has also been reported that even though different proteases may play unique or 

overlapping roles during pathogenesis, to obtain evidence of them as individual virulence 

factors has been a difficult task so far (Willger et al., 2009). Only one mutant strain of A. 

fumigatus coded for by the alp/aspf13 gene which has elastase activity, has produced 

lower rates of mortality upon intranasal inoculation of neutropenic mice (Kolattukudy et 

al., 1993). 
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 Signalling pathways that enable pathogenic fungi to adapt and survive in the 

changing environment of host systems have been shown to contribute to the virulence of 

A. fumigatus. An example is the cyclic AMP (cAMP)-signalling pathway of A. fumigatus. 

The cAMP-dependent protein kinase (PKA) regulates morphology, stress response and 

virulence in a number of fungal pathogens of humans and plants. Deletion of few genes 

from this system from A. fumigatus has resulted in decreased growth and reduced 

tolerance to oxidative stress and virulence in mice; however, it was suspected that such 

effect might also be a general outcome of impaired growth (Liebmann et al., 2004; Zhao 

et al., 2006).  

 As described in the preceding sections, A. fumigatus produces several hydroxamate 

siderophores (Diekmann and Krezdorn, 1975) but N’, N’’, N’’’-triacetylfusarinine C 

(TAFC) and ferricrocin [Ferrichromes representitive] (Fig. 1.9) are the dominant types 

produced by A. fumigatus in serum-containing media (Hissen et al., 2004). Ferrated 

siderophores are transported across the fungal plasma membrane by transporter proteins. 

Three siderophore-transporter-encoding genes (mirA, mirB, and mirC) have been 

characterized in Aspergillus nidulans, a close relative of A. fumigatus (Haas et al., 2003). 

MIRA transports the siderophore enterobactin whereas TAFC is transported exclusively 

by MIRB (Haas et al. 2003). Genes encoding siderophore biosynthesis and siderophore 

transport are all regulated by the iron responsive transcriptional repressor, SreA 

(Oberegger et al., 2001).  

 As discussed above, genes from A. fumigatus that are involved in siderophore 

biosynthesis (sidA, sidF, sidC, sidD and sidG) have been identified (Schrettl et al., 2004; 
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2007). In A. nidulans, transcription of the genes encoding orthologues of A. fumigatus 

SidA and SidC as well as the siderophore transporters MirA, MirB and MirC is reported 

to be repressed by GATA-type transcription factor SreA and is iron regulated (Haas et 

al., 1999; 2003; Oberegger et al., 2001; 2002). Based on this knowledge and a genome-

wide DNA microarray analysis, Schrettl et al. (2008) identified 49 genes from A. 

fumigatus that were repressed by iron in an SreA-dependent manner. This gene set, SreA 

regulon, included all known genes involved in siderophore biosynthesis (sidA, sidC, 

sidD, sidF, sidG). 

 In a study done by Eisendle et al. (2003) on two siderophore biosynthetic genes, 

SidA encoding L-ornithine N5-monooxygenase and SidC encoding a non-ribosomal 

peptide synthetase from Aspergillus nidulans, it was reported that disruption of SidC 

eliminated synthesis of ferricrocin and deletion of SidA completely blocked siderophore 

biosynthesis. They reported that siderophore-deficient strains were unable to grow, unless 

the growth medium was supplemented with siderophores. The authors concluded that the 

siderophore system is the major iron assimilatory system of A. nidulans in iron depleted 

conditions. 

 Prior research in the Moore lab demonstrated that the survival of A. fumigatus in 

human serum is due to its ability to acquire iron from transferrin using siderophores 

(Hissen et al., 2004). In addition, iron acquisition by this fungus was shown to be critical 

for its virulence in the following studies. The gene sidA encodes L-ornithine N5-

oxygenase, which catalyzes the first step in hydroxamate siderophore biosynthesis (Fig. 

1.8) (Hissen et al. 2005, Schrettl et al. 2004). A. fumigatus sidA mutants were constructed 

that were deficient in siderophore production though, in contrast to A. nidulans, the A. 
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fumigatus mutant strain was able to grow when supplemented with either FeCl3 or ferri-

TAFC. More importantly, the sidA mutant was avirulent in a mouse model of invasive 

aspergillosis (Schrettl et al., 2004, Hissen et al., 2005) but deletion of the ferri-reductase 

gene had no effect on virulence (Schrettl et al., 2004). These data show the importance of 

siderophore synthesis for the virulence of A. fumigatus. 

1.8 Overall aim of this study 

Siderophore biosynthesis is critical for the virulence of A. fumigatus and the first 

committed step of hydroxamate siderophore biosynthesis is catalyzed by L-ornithine N5-

oxygenase. Because siderophore biosynthesis does not occur in mammals or birds, 

ornithine-N5-oxygenases represent excellent targets for the development of novel 

antibacterial/antifungal agents. Therefore, the purpose of the current research was to 

characterize the L-ornithine-N5-oxygenase from the opportunistic fungal pathogen, A. 

fumigatus. 

1.9 Specific Objectives  

• To overexpress the gene encoding L-ornithine-N5-oxygenase (sidA) from A. 

fumigatus in a bacterial expression vector 

 
• To purify the SidA protein to homogeneity using affinity, ion-exchange and/or size- 

exclusion chromatography 

 

• To characterize the SidA enzyme with regard to substrate specificity, pH optima, 

catalytic activity, etc. 

 

• To develop anti-SidA antibodies and localize the protein in situ 
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2: Materials and Methods 

2.1 Strains, vectors, and culture media 

E. coli DH5α and the pBluescript vector from Stratagene were used for cloning. E. 

coli Tuner DE3 (Novagen) and pET28a+ (Novagen) were used as an expression host and 

expression vector, respectively. E. coli host strains DH5α and Tuner (DE3) were cultured 

in Luria-Bertani (LB) medium. For pET28a+ containing strains, kanamycin was used for 

selection at 30µg/ml. The Aspergillus fumigatus strain was ATCC 13073 (American 

Type Culture Collection). This strain was isolated from a human pulmonary lesion from a 

patient in Maryland, US.  A. fumigatus was maintained on MYPD (0.3% yeast extract, 

0.3% malt extract, 0.5% peptone and 0.5% dextrose) agar and was cultured in low-iron 

medium, modified Grimm-Allen medium (1 g/L KHSO4, 3 g/L K2HPO4, 3 g/L 

(NH4)2SO4, 20 g/L sucrose, 1 g/L citric acid, 2 mg/L thiamine, 20 pg/L CuSO4, l mg/L 

MnS04, 5.5 mg/L ZnSO4, 810 mg/L MgSO4, pH 6.9) for obtaining total RNA. Modified 

Grimm-Allen medium, was also used to induce SidA production during the localization 

study.  

2.2 Cloning of SidA 

In order to purify the A. fumigatus SidA protein for activity assays and further 

analysis it was decided to create a Histidine-tagged recombinant SidA. Tagging SidA 

allowed us to apply the affinity chromatography technique using Ni-NTA technology 

from QIAGEN for purification. The imidazole rings in the Histidine residues of the tag 
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bind to the nickel ions immobilized by the nitrilotriacetic acid (NTA) groups on the 

matrix. NTA is a tetradentate chelating adsorbent that can occupy four of the six ligand 

binding sites in the coordination sphere of the nickel ion, leaving two sites free to interact 

with the Histidine tag (QIAGEN). 

 Other monooxygenases similar to SidA such as PvdA from P. aeruginosa and IucD 

from E. coli (Ge & Seah, 2006; Seth et al., 1998) were reported to be successfully 

purified in soluble form with an N-terminal histidine tag. As no N-terminal signal 

peptides were detected on SidA, it was decided to engineer an N not C terminally His-

tagged SidA protein. The pET System from Novagen was used for the cloning and 

expression of recombinant SidA in E. coli. The pET-28a+ vector carries an N-terminal 

His-Tag/thrombin/T7-Tag configuration (Novagen). The target gene is cloned in pET 

plasmid under control of strong bacteriophage T7 transcription signals. This vector also 

contains a kanamycin resistance gene for selection purposes. Expression of the target 

gene can be induced by providing a source of T7 RNA polymerase in the host cell. A 

proper host will carry a DNA fragment containing the lacUV5 promoter, and the gene for 

T7 RNA polymerase (Novy et al., 2001, Studier et al., 1986). The lacUV5 promoter is 

inducible by addition of isopropyl-β-D-thiogalactopyranoside (IPTG) to the culture 

medium and therefore the target protein expression is induced by the addition of IPTG 

(Novagen). E. coli Tuner (DE3) (Novagen) was used as the expression host. It was noted 

that differences in codon usage between E. coli Tuner (DE3) and A. fumigatus could 

possibly impede translation due to the demand for tRNAs that may be rare or lacking in 

the population; however since E. coli Tuner (DE3) cells were readily available in the 

laboratory and acceptable protein yields were obtained, use of this host was continued. 
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The A. fumigatus sidA gene was successfully cloned into the pET28a+ plasmid 

(Novagen), by Sonia Stastny in our laboratory, according to the following procedure. 

sidA was amplified by extracting total RNA from fungal mycelia grown in iron limited 

medium, using the RNeasy Plant MiniKit (Qiagen). cDNA (Appendix 3) was obtained 

using the reverse transcriptase (Fermentas), forward primer: AfusidaFor 

(CTCCATATGGAATCTGTTGAACGGAAG) and the reverse primer: AfusidaRev 

(CCGAATTCTTATTACAGCATGGCTCCGTAGC) containing the NdeI and EcoRI 

restriction sites, respectively, and appropriate overhangs at the 5’ end. Two stop codons 

were incorporated following the EcoRI site in the reverse primer. The resulting cDNA 

was then amplified by polymerase chain reaction using the high-fidelity DNA 

polymerase PfuUltra (Stratagene) and the aforementioned primers. The amplified SidA 

fragment was digested with NdeI and EcoRI and ligated using T4 ligase (Invitrogen) into 

the pET28a+ plasmid digested with the same enzymes. 

E. coli DH5α was selected as a non-expression host. Competent E. coli DH5α 

cells were prepared using a modified version of a protocol by Sambrook et al., 1989. A 

pre-culture was used to inoculate 100 ml of YT medium (20 g peptone, 5 g yeast extract, 

5 g NaCl per 1 L) and it was incubated at 37°C while shaking until the OD600 reached 

0.45 to 0.55 (log phase). Then cultures were chilled on ice and cells were harvested by 

centrifugation for 10 minutes at 1789 g, 4°C. Cell pellets were resuspended in 1ml of ice- 

cold 100mM CaCl2 and incubated on ice for 30 minutes with occasional swirling. After 

another centrifugation for 10 minutes at 1789 g, pellets were resuspended in 1ml of ice 
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cold 100 mM CaCl2 with 15% glycerol and kept on ice for one hour. Competent cells 

were frozen and stored at -80°C.  

Competent E. coli DH5α cells were transformed with the obtained recombinant 

plasmid. Transformation protocol was obtained from Sambrook et al. (1989). 100 µl of 

competent DH5α cells were combined with recombinant vector solution (1:5). The cells 

were then incubated on ice for 1 h, heat shocked at 42˚C for 2 minutes, and chilled on ice 

for 5 minutes. Tenfold dilutions were prepared using appropriate amount of LB. Samples 

were incubated at 37˚C for 1hr and were plated on appropriate selection media (LB with 

or without kanamycin [30 µg/ml]). Transformants were analysed by purifying the 

recombinant plasmid using Plasmid Miniprep Kit (QIAGEN) and looking for the 

presence of insert by single and double restriction digesting using restriction enzymes 

NdeI (Amersham) and EcoRI (Invitrogen). Transformants were also identified by PCR 

using primers AfsidaFor and AfsidaRev, and Taq DNA polymerase (QIAGEN). PCR was 

performed following manufacturer’s protocol. Isolated plasmid DNA was sent for 

sequencing to The Centre for Molecular Medicine and Therapeutics at University of 

British Columbia, Canada. Sequencing was performed using T7 promoter and T7 

terminator primers. The sequencing results demonstrated that the SidA cDNA from A. 

fumigatus strain 13073 was identical to the published exon sequence from Af293 strain’s 

genome on The Institute of Genomic Research (TIGR) database.  

The recombinant plasmid containing the SidA gene was then transformed into the 

competent E. coli Tuner (DE3) cells. Preparation of competent Tuner cells were 

performed using the same method as for DH5α cells (see above). 100 µl or competent 

cells were transformed with 1 µl of recombinant plasmid DNA, followed by incubation 
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on ice for 5 minutes, heat shock at 42°C for 1 minute and recovery in 250 µl LB at 37°C 

for 1 h. Cells were then spread-plated on LB-kanamycin (30 µg/ml) plates for selection. 

Plasmid DNA was isolated using Plasmid Miniprep Kit (QIAGEN) from transformants 

and was analysed by restriction digest.  

2.3 SidA Over-expression and Purification 

Optimal conditions for sidA expression were established by examining two 

different inducer concentrations IPTG at 1 mM and 0.4 mM, three different temperatures 

(room temperature, 30˚C and 37˚C), and induction periods (three hours and over night). 

Three different controls were also run concurrently: no IPTG (no induction), mock 

transformed E. coli Tuner (DE3) cells (Novagen) (bacteria transformed with empty 

pET28+ plasmid), and non-transformed E.coli Tuner DE3. The preparation of mock 

transformed bacteria was performed as described above.  

 An overnight small-scale 200-ml culture of recombinant E. coli Tuner (DE3) cells 

containing pET28a+-sidA was cultured in LB broth containing 30 µg/ml kanamycin.  

10ml of this culture was diluted into 1 L LB media containing kanamycin (30 µg/mL), 

and grown at 37 °C. At log phase (determined by measuring OD600~ 0.6), IPTG was 

added to a final concentration of 0.4 mM to induce expression of the protein. After 3 h, 

the cells were harvested by centrifugation at 6000 g and lysed using an Avestin 

Emulsiflex-3C cell homogenizer (at 4°C). Tris-HCl buffer (20 mM, pH 8.0) containing 

100 mM sodium chloride was used in the purification of SidA. The lysate was clarified 

by centrifugation (22,000 g) for 30 min. The supernatant was incubated with nickel-

nitrilotriacetic acid resin suspension (Qiagen) for 1 h at 4˚C, which was then packed into 

a glass column. The column was washed sequentially with 20 mM imidazole, 20 mM 
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Tris–HCl, pH 8.0, 100 mM NaCl and then 50 mM imidazole, 20 mM Tris– HCl, pH 8.0, 

100 mM NaCl wash buffers. To elute SidA from the column, different concentrations of 

imidazole (200 mM, 250 mM, 300 mM and 350 mM) were tested and it was decided to 

continue with 250 mM since it produced the cleanest band after running samples (by 12% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)). SidA was 

eluted with 250 mM imidazole, 20 mM Tris–HCl, pH 8.0, 100 mM NaCl elution buffer 

in four fractions. The protein was concentrated using an Amicon ultracentrifuge filter (30 

kDa MW cut-off, Millipore) and washed repeatedly with buffer to remove imidazole 

from the solution. SidA was stored at −80 °C in 15% glycerol and 1 mM DTT 

(dithiothreitol) for use in the activity assays.  

 Fractions containing pure SidA were analyzed by 12% SDS-PAGE. The 

concentration of SidA was estimated using the Protein A280 program on the NanoDrop 

1000 Spectrophotometer (Thermo SCIENTIFIC) and total cell-lysate protein 

concentration was determined using Bradford protein assay (Bradford, 1976).  Around 10 

different batches of pure SidA protein were prepared (average yield was 18-35 mg per 

liter of bacterial) culture and the enzyme activity was monitored for more than half of 

them and the measured specific activity for tagged SidA was fairly consistent in all the 

samples. The effect of storage temperature was also monitored and SidA enzyme stored 

at -80°C showed higher activity compared to a sample stored at 4°C. 
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2.4 Determining the size of the native SidA protein 

2.4.1 Size Exclusion Chromatography and Multi-angle light scattering 

The oligomeric state of purified SidA was determined by gel filtration 

chromatography (Superdex 200 column; GE Health Care) in-line with a multiangle light 

scattering system (Wyatt Technologies Inc). 

The hexa-Hisdine tag was cleaved overnight at 4˚C using the thrombin enzyme 

(Amersham BioSciences). The appropriate amount of enzyme and incubation time for 

cleavage was determined by examining 2U of thrombin/mg of SidA versus 4U of 

thrombin/mg of SidA and sampling fractions at different time points (2 h, 4 h, 6.5 h, and 

23 h) and tagged and untagged protein samples were run on 12% and 15% SDS-PAGE 

gels to monitor the cleavage process.  

The untagged SidA protein was then run through size exclusion chromatography 

using the Superdex 200 (GE Healthcare) column. The standards, vitamin B12 (1.4 kDa), 

ribonuclease A (13.7 kDa), chymotrypsin (25.7 kDa), ovalbumin (43 kDa), albumin (67 

kDa), aldolase (158 kDa), catalase (232 kDa), ferritin (440 kDa) and thyroglobulin (669 

kDa) were used to estimate the molecular mass of SidA in solution. All of the purification 

buffers contained 1 mM of DTT. The oligomeric state of purified SidA was also analyzed 

by a multiangle light-scattering (MALS) Dawn-EOS instrument with a 684 nm laser 

(Wyatt Technologies, Inc.) coupled to refractive index instrument (Optilab Rex; Wyatt 

Technologies, Inc.). The molar mass of the protein was calculated using ASTRA v5.1 

software (Wyatt Technologies, Inc.)  
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2.5 L-ornithine-N5-oxygenase activity assays 

The reaction of the A. fumigatus SidA protein has been proposed to be (Hissen et 

al., 2005):  

L-ornithine + FADH2 + NADPH+ O2  N5-hydroxyornithine + NADP+ + FAD+ H2O   

Therefore, an NADPH oxidation assay was used to monitor the activity of purified SidA 

protein (>90% pure) under different conditions. All assays were performed in total 

volume of 200 µl in triplicate at 25°C with a Power Wave 340 Microplate scanning 

spectrophotometer (BIO-TEK) over a period of 20 minutes unless otherwise stated. 

Standard assays were carried out with buffer containing NADPH, L-ornithine, and FAD. 

Enzyme activity was measured from the decrease in NADPH absorbance at 340 nm 

(ε=4722 M-1 cm-1) and expressed in nanomoles of NADPH oxidized per minute per 

milligram of protein. 

2.5.1 Effects of substrate concentration  

The Michaelis-Menten kinetics of SidA were monitored by varying the 

concentration of L-ornithine. The assay was carried with 0.1 M Tris-HCl buffer, pH 8.0, 

containing NADPH (150 µM), L-ornithine (0, 0.01, 0.05, 0.2, 0.5, 1.0, 2.0, 5.0, 7.0 mM), 

FAD+ (30 µM), and 14 µg SidA. The enzyme activity was estimated from the decrease in 

NADPH absorbance at 340 nm. Before performing the assay, the pH of the assay solution 

was measured with the highest L-ornithine concentration (7 mM) to ensure that the L-

ornithine did not affect the pH. The GraphPad prism5 program was used to fit the 

obtained results into Michaelis-Menten equation. 
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2.5.2 pH dependence of SIDA activity  

The pH dependence of SidA was monitored with various buffer solutions: 

potassium phosphate from pH 6.0–8.0, Tris-HCl from pH 7.0-9.0, glycine-NaOH from 

pH 9.0-10.0, Bicarbonate-NaOH from pH 9.5-11.0, sodium hydrogen orthophosphate-

NaOH from pH 11.0-12.0, and KCl-NaOH from pH 12.0-13.0; varying in steps of 0.5 pH 

units. The assays were carried out with 100 mM buffer, containing NADPH (150 µM), L-

ornithine (5 mM), FAD+ (30 µM) and 14 µg SidA protein. 

2.5.3 Temperature dependence of SidA  

The temperature dependence of SidA was monitored in 100 mM Glycine-NaOH 

at pH 9.0. The assays were carried out with 100 mM buffer, containing NADPH (150 

µM), L-ornithine (10 mM), FAD+ (30 µM) and 26 µg SidA at 25˚C, 30˚C, 35˚C, 50˚C, 

55˚C and 60˚C. 

2.5.4 Determination of SidA cofactor and substrate specificity 

2.5.4.1 Coenzyme specificity  

FAD (flavin adenine dinucleotide) was replaced by FMN (flavin 

mononucleotide), and NADPH (nicotinamide adenine dinucleotide phosphate) was 

replaced by NADH (nicotinamide adenine dinucleotide) at comparable concentrations 

(Fig. 2.1). The activity of SidA was monitored using the NADPH oxidation assay in 100 

mM Glycine-NaOH at pH 9.0, containing NADPH or NADH (150 µM), L-ornithine (10 

mM), and FMN or FAD+ (30 µM) and 26 µg SidA.  
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               Figure 2.1: Chemical structures of FAD, FMN, NADH and NADPH.  
 

2.5.4.2 Substrate specificity  

Substrate specificity of SidA was monitored in 100 mM Glycine-NaOH at pH 9.0, 

containing NADPH (150 µM), FAD+ (30 µM), 26 µg SidA and one of the following 

substrates in place of L-ornithine: L-lysine, D-ornithine, L-homoserine, L-glutamine, L-

asparagine, DL-2, 3-diaminopropionic acid, DL-2, 4-diaminobutyric acid, 5-
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aminopentanoic acid, 1,4-diaminobutane, L-norleucine, or L-2, 4-diaminobutyrate. These 

compounds were selected based on their structure similarity to L-ornithine; all of the 

structures are shown in Figure 2.2.  

2.5.5 Effect of inhibitors  

The inhibitory effect of 5-aminopentanoic acid, L-2, 4-diaminobutyrate, L-

homoserine or difluoromethylornithine (DFMO) on the activity of SidA was monitored in 

Glycine-NaOH buffer (pH 9.0). The assays were carried out in triplicate in 100 mM 

buffer, containing NADPH (150 µM), L-ornithine (0.25, 0.5, 1.0, 2.5 and 5 mM), 

inhibitor (0, 2, 3, 4, 5 mM (4.2 mM instead of 5 mM for DFMO)), FAD+ (30 µM) and 

SidA (26 µg). 

2.5.6 Monitoring hydroxy-ornithine production 

As noted above, we predicted that the product of SidA activity is hydroxy-

ornithine. To detect hydroxy-ornithine production, ~42 µg of SidA was incubated in 50 

mM glycine-NaOH buffer, pH 9.0 with 150 µM NADPH, 30 µM FAD, 150 µM ornithine 

at 37˚C for 2hrs. After removal of SidA protein using Amicon ultracentrifuge filter 

(Millipore), the products were examined by mass spectrometry (Electrospray ionization 

spectroscopy) by scanning for the masses of L-ornithine (m/z 133.09 [M+H]+) and N5-

hydroxyornithine (m/z 149.09 [M+H]+). 
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    Figure 2.2: Chemical structures of possible substrates for SidA enzyme.  
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2.5.7 Monitoring H2O2 production 

When uncoupled, monooxygenases may transfer electrons to O2 without 

concomitant hydroxylation of the substrate resulting in the release of the reduced oxygen 

forming hydrogen peroxide. To determine whether the A. fumigatus SidA activity could 

be uncoupled, the amount of hydrogen peroxide generated was measured by a coupled 

assay with horseradish peroxidase and the dye 2,2’-azino-bis-(3-ethylbenzthiazoline-6-

sulfonic acid) (ABTS) at 725 nm (Pohlmann & Marahiel, 2008).  The amount of 

hydrogen peroxide produced was monitored at different substrate concentrations; hence, 

the assay mixture contained NADPH (300 µM), FAD (30 µM), SidA (51 µg), and 

varying concentrations of L-ornithine (0–3 mM) in a 100 mM Glycine-NaOH (pH 9.0). 

After oxidation of NADPH was almost complete (20 min), 1N HCl (15 µL) was added to 

achieve a pH of 2.0-3.0 to stop the reaction and to eliminate any remaining NADPH that 

could interfere with the second assay. This mixture (20 µl) was added to a solution 

containing Tris-HCl 100 mM pH 8.0 buffer (145 µL), 30µl ABTS (0.2 mg mL−1) plus 5 

µL horseradish peroxidase (HRP) (1.0 mg mL−1). The oxidation of ABTS by HRP plus 

H2O2 was monitored at 725 nm. To obtain a standard curve, various concentrations of 

H2O2 from 0 µM to 75 µM were assayed in presence of ABTS and HRP and values of the 

absorbance at 725 nm were plotted against the known H2O2 concentrations. 

2.6 SidA co-purification with FAD  

To determine whether FAD co-purified with SidA, an enzyme assay was performed 

in duplicate without adding any FAD to the assay mixture. SidA activity was monitored 

in 100 mM Glycine-NaOH at pH 9.0, containing NADPH (150 µM), L-ornithine (10 

mM), using ~26 µg of SidA.  
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2.7 Antibody production and SidA localization 

A sample of purified SidA that had the -His tag removed by thrombin treatment 

was sent to Pacific Immunology (CA, USA) for generating anti-SidA polyclonal 

antibodies in rabbits. Antibody production in rabbits was done over the course of 13 

weeks. A ~ 5 ml serum / rabbit volume of pre-immune serum was collected on week 0. 

Immunizations of rabbits were done on weeks 0, 3, 6 and 10. Specific adjuvants 

(developed by Pacific Immunology) called Freund’s adjuvants were used to stimulate and 

enhance the immune response to SidA. Adjuvants were injected subcutaneously to 

provide a better presentation of the immunogen to the immune system. AdjuLite® 

Complete Freund’s adjuvant was used for the first immunization and AdjuLite® 

Incomplete Freund’s adjuvant was used for all subsequent immunizations. Production 

bleeds #1- #4 were collected in ~ 25 ml serum / rabbit volumes on weeks 7, 9, 11 and 13, 

respectively.  

To optimize the combination of anti-SidA primary antibody and secondary 

antibody concentrations, dot blots were used (Fig. 2.3). The secondary antibody was a 

monoclonal mouse anti-rabbit IgG conjugated to horseradish peroxidase (Jackson 

ImmunoResearch Laboratories, Inc.).  Different concentrations of purified SidA protein 

(2.5, 3, 15 µg) were spotted directly onto nitrocellulose membrane (Amersham Hybond-

ECL, GE Healthcare). The membrane was blocked in blocking agent (3% skim milk in 

Tris-Buffered Saline [TBS]) for 2 hours at RT with shaking. Primary mouse polyclonal 

anti-SidA antibodies were added (1/500, 1/1000, 1/2000 in blocking agent) and incubated 

for 2 h at RT. The secondary antibody was then added (1/25000 in blocking agent) and 

incubation continued for 1 h with shaking at RT. Finally, the membrane was washed for 
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three 15-min periods with a solution of TBS plus 0.1% Tween-20 and the 

chemiluminescent substrate was added (based on peroxidase conjugates) (Thermo 

Scientific) for 5 min before exposure of the blot to film (Chemiluminescence BioMax 

Light Film from Kodak) at room temperature.  

The method of Debets and Bos (1986) was used to isolate spheroplasts from 

A.fumigatus. To localize the protein in A. fumigatus, modified Grimm-Allen medium was 

inoculated with 1.25 X 10^8 spores/ml of A. fumigatus and incubated at 37˚C over night 

(O/N) with shaking at 150 rpm. Mycelial biomass was collected by filtration with 

Miracloth on a Buchner funnel and washed with NCC buffer (0.8 M NaCl and 50 mM 

CaCl2). The biomass was divided to smaller portions (~ 3 g) and ~ 10 ml of Vinotaste 

enzyme (Novozymes) solution (155 mg/ml NCC) was added to each sample and 

incubated for 2 hours at 30°C with shaking at ~100 rpm. Vigorous pipetting was applied 

after 1 hour and 2 hours of incubation to break up the fungal masses. Spheroplast 

formation was confirmed under the light microscope. Undigested hyphae were removed 

by passing the suspension through a funnel containing a thin layer of glass wool; 

spheroplasts were collected in a clean flask. Spheroplasts were pelletted at 700 g for 10 

min at 4°C and re-suspended in STC buffer (1.2 M sorbitol, 10 mM Tris pH 7.5, 50 mM 

CaCl2). After two washes with this buffer, the spheroplasts were spun down and re-

suspended in STC buffer.  
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 Figure 2.3: The dot blot of different concentrations of purified SidA protein (2.5, 3, 15 
µg) that were spotted directly onto nitrocellulose membrane. Primary anti-
SidA antibodies, 1°Ab (1/500, 1/1000, 1/2000 in blocking agent) and 
1/25000 in blocking agent dilution of secondary antibody were tested. The 
figure is comprised of three separate blots.  

 

A modified version of the protocol described by Sun-Wada et al. (1998) was used 

for sub-cellular fractionation. The spheroplast suspension was spun at 1660 g for 5 min 

and the pellet was re-suspended in 1 ml lysis buffer (0.25 M mannitol, 1 mM HEPES-

Tris (pH 7.5), 1 mM EDTA, 20 mM KCl), protease inhibitor cocktail (Sigma; 1 µl per 20 

mg), 50 µM final concentration of FAD and glass beads (1:1 v/v with the pellet). This 

mixture was vortexed for 4 min in one-minute periods with four 1-min rests on ice 

between each vortexing. The volume was brought to 5 ml with lysis buffer. This mixture 

was centrifuged at 1660 g for 5 min to get rid of unlysed cells, cell debris and nuclei 
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(Thieringer et al., 1991). The supernatant was spun at 11, 180 g for 10 min to obtain the 

P10 pellet, which is enriched in the plasma membranes, vacuolar membranes, 

endoplasmic reticulum, and mitochondria (Sun-Wada et al., 1998). The supernatant was 

centrifuged for 60 min at 100,000 g at 4˚C to obtain the P100 pellet (enriched in late 

Golgi vesicles) (Sun-Wada et al., 1998) and the supernatant (cytosolic fraction). Pellets 

from both steps were kept on ice and re-suspended in re-suspension buffer (0.25 M 

mannitol, 1mM HEPES-Tris (pH 7.5), 1 mM EDTA, 20 mM KCl, 1 mM MgSO4). 

The protein content of the cytosolic fraction was concentrated by precipitation using 

trichloroacetic acid (TCA). An equal volume of 20% TCA was added to protein sample 

along with 50 µg of insulin as the carrier protein. After incubating for 30 min on ice, the 

solution was spun down at 2000 g at 4˚C for 15 min sediment the precipitated protein. 

After the supernatant was discarded, ice-cold acetone was added and the sample was spun 

down at 2000 g at 4˚C.  The pellet was dried after supernatant removal and was re-

suspended in re-suspension buffer. 

For western blotting, proteins were seperated on a 12% SDS-PAGE gel and 

transferred to nitrocellulose membranes (Amersham Hybond-ECL, GE Healthcare) using 

a semi-dry blot apparatus (TRANS-BLOT SD, BIO-RAD). The blot was blocked O/N in 

Tris buffered saline containing Tween-20 and 1.0% bovine serum albumin (BSA) and 

then incubated with a 1/1000 dilution of primary antibody for 2 h. After three 15-min 

washes in TBS /Tween-20, the blot was incubated with a 1/25000 dilution of HRP-

conjugated mouse anti-rabbit secondary antibody for 1 h followed by three additional 15-

min periods washes in TBS/Tween-20. Bands were detected by adding a commercial, 

chemiluminescent substrate (based on peroxidase conjugates) (Thermo Scientific) for 5 
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minutes and applying the blot to film (Chemiluminescence BioMax Light Film from 

Kodak).  
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3: Results 

3.1 Bioinformatic analysis of AfusidA 

          The gene encoding L-ornithine-N5 oxygenase of A. fumigatus, sidA, is 1561 

nucleotides in length. According to The Institute of Genomic Research (TIGR) database 

(now the J. Craig Venter Institute), this gene (locus: AFUA_2G07680) is located on the 

second chromosome and contains one intron and two exons. Using the ExPASy’s Prot 

Param tool (Gasteiger et al., 2005) it was predicted that SidA, the product of AfusidA 

gene is 501 amino acids long and has the predicted molecular weight of 56.87 kDa, a 

theoretical pI of 8.90 and an extinction coefficient of 46870 M-1 cm-1. The hydropathy 

profile estimated that the protein is soluble (SOSUI, Hirokawa et al., 1998) with a 

predicted cytosolic localization based on the absence of recognizable N-terminal signal 

peptides (WoLFPsort, Horton et al., 2007). Furthermore, the SidA transmembrane 

analysis (Fig. 3.1) indicated that this protein is located mainly outside of a membrane 

(42-501) with the exception of a potential transmembrane helix at residues 42-58 

(HMMTOP, Tusnády & Simon, 1998; 2001). PSIPRED (Jones, 1999) predicted the 

secondary structure of SidA to be consisted of 20 β strands and 14 alpha helices along 

with coiled regions (Fig. 3.2).  

 The protein sequence was submitted to the PHYRE protein engine (Imperial 

College of London-Kelley & Sternberg, 2009), to generate a tertiary structural model 

(Fig. 3.3). Model images were prepared using the molecular visualization system, PyMol 

(DeLano Scientific LLC, Palo Alto, CA). The best model generated was based on the 
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crystal structure of phenylacetone monooxygenase (Protein data base ID: 1w4x; sequence 

identity: 9%), a Baeyer–Villiger monooxygenase from the thermophilic bacterium 

Thermobifida fusca. The type I Baeyer–Villiger monooxygenases are FAD-dependent 

enzymes that use NADPH and molecular oxygen to insert an oxygen atom into their 

substrate. Similar to the template, the generated model displayed the FAD and the 

NADP-binding domains with the typical nucleotide-binding fold (Wierenga et al., 1983) 

containing the canonical βαβ motif. Structural alignment of modeled SidA with 

phenylacetone monooxygenase as template resulted in very good overall structural 

homology with root mean square deviations of only 0.48 Å for Cα atoms (RMSDcalc, 

Claude et al., 2004). An analysis of the Ramachandran plot of the model revealed that 

98.3% of the residues were in favoured/allowed region and only 1.7% fell out of the 

allowed range of phi and psi angles (RAMPAGE, Lovell et al., 2002). The pka values for 

the titratable residues were calculated (Appendix 2) using the PROPKA 3.0 program (Li 

et al., 2005; Bas et al., 2008; Olsson et al., 2010). 

Because SidA is homologous to the group of N-hydroxylating enzymes, common 

features that are shared by L-ornithine-N5-oxygenases (Stehr et al., 1998) were also found 

in the SidA protein. For example, a putative FAD-binding sequence (CVGFGPA) was 

identified at amino acids 44-50, a putative NADPH binding sequence (GDGQSA) at 

residues 253-258 and the expected L/FATGY sequence, the substrate-binding domain 

(DALMVATGYNRNAH), at residues 399-412 in the C-terminus of this protein (Fig. 

3.4). 
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Figure 3.1: SidA transmembrane analysis using WoLFPsort program (Horton et al., 
2007). SidA is predicted to reside mainly outside of a membrane (42-501) 
with the exception of a potential transmembrane helix at residues 42-58. I: 
inside; i: inside-tail; H: transmembrane-helix; O: outside; o: outside-tail. 
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Figure 3.2: Predicted secondary structure for AfSidA by PSIPRED program (Jones, 
1999). This predicted secondary structure matches 68% of the modeled SidA 
structure generated by Phyre program.  
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Figure 3.3: a. Ribbon diagram of the modeled SidA protein using phenylacetone 
monooxygenase (PDB #: 1w4x), a Baeyer–Villiger monooxygenase from  
Thermobifida fusca as template, generated by Phyre (Kelley & Sternberg, 
2009).  The putative FAD binding sequence (CVGFGPA) is highlighted in 
red, NADPH binding sequence in blue and the substrate binding sequence in 
purple (DALMVATGYNRNAH). b. Surface diagram of modeled SidA. 
Putative NADPH binding and substrate binding sequences are depicted in 
blue and purple, respectively. c. Ribbon diagram of modeled SidA (red) 
overlaid on phenylacetone monooxygenase (green). d. Ribbon diagram of 
modeled SidA (pink) overlaid on phenylacetone monooxygenase template. 
The FAD-binding domain of template is shown in blue, and the NADPH-
binding domain is shown in red. The FAD cofactor is shown in green stick 
representation.  
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Figure 3.4: SidA shares common features with other ornithine-N5-oxygenases.  

The FAD binding motif is in red, NADP-binding motif is in green, and the 
putative substrate-binding motif is in blue. 

 

3.2 SidA protein purification  

 

The sidA cDNA was ligated into a bacterial expression vector, pET28a+ 

(Novagen), to generate a histidine-tagged insert at the N-terminus. The recombinant 

plasmid, which contained the T7lac promoter so that it can be induced by addition of 

IPTG, was then transformed into an expression host (Tuner DE3 (Novagen)). The level 

of sidA expression was optimized by varying the concentration of IPTG, the induction 

period, and the temperature. The optimal conditions were determined to be induction at 

37°C for 3 h with 0.4 mM IPTG. Soluble protein was purified from cells by nickel 

affinity chromatography with a yield of 18-35 mg per liter of culture. The expression 

trials indicated that the expressed protein was not secreted into the surrounding medium, 

suggesting that expressed SidA remained in the bacterial host cytosol. The predicted 

monomeric SidA molecular weight of 56.87 kDa was supported by SDS-PAGE analysis 

of purified protein (Fig. 3.5). Preliminary multiangle light scattering analysis 
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demonstrated that native purified SidA adopts a tetrameric quaternary structure with an 

estimated molecular mass of 223.6 kDa (data not shown). This was further supported by 

size exclusion chromatography; using the Sephacryl S-100 Column (separation range 

between 100 kDa–10 kDa), the SidA protein eluted entirely in the void volume indicating 

that there were no monomers and that the size of the protein was >100 kDa. When 

applied to the Superdex 200 Column (separation range of 660 kDa–10 kDa), the protein 

eluted in a volume corresponding to a molecular weight of ~ 230 kDa (Fig. 3.6).  

                         
 
 
             
 

Figure 3.5: SDS-‐PAGE gel of proteins from E. coli expressing AfsidA.  
                    1= Molecular markers in kDa, 2= no IPTG added, 3 = flow-‐through from                           
                    Ni chromatography, 4-‐7= eluates from column with imidazole concentration      
                    of 250 mM. The predicted MW of SidA is 56.9 kDa. 
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Figure 3.6: a. Gel filteration of purified SidA using the Superdex 200 Column.The arrow 

points at the volume in which SidA was eluted b. Gel filteration standard that 
was used to calculate the molecular mass. The arrow points at the volume in 
which SidA was eluted. The protein eluted in a volume corresponding to a 
molecular mass of ~ 230 kDa, interpolated by computer.  
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3.3 Monitoring hydroxy-ornithine production  

The predicted product of SidA activity with L-ornithine is hydroxy-ornithine. The 

NADPH oxidation assay was carried out and after removal of SidA, the EI-MS by 

scanning for the masses of L-ornithine (m/z 133.1 [M+H]+) and N5-hydroxyornithine (m/z 

149.09 [M+H]+). In a control reaction without enzyme, only the substrate, L-ornithine 

was detected (Fig. 3.7) whereas peaks for both substrate and the product were visible 

when both enzyme and substrate were co-incubated (Fig. 3.8) indicating that N5-

hydroxyornithine was produced by SidA. Because MS is not quantitative, the small size 

of the hydroxyornithine peak does not reflect low activity; however, the residual L-

ornithine indicates that the reaction did not go to completion. 

 

 

Figure 3.7: MS analysis of the control reaction performed in the absense of SidA. Only 
the substrate, L-ornithine (m/z 133.10 [M+H]+) peak was detected. 
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Figure 3.8: MS analysis for monitoring N5-hydroxyornithine production. Hydroxy-
ornithine production was monitored by EI-MS and the masses of L-ornithine 
(m/z 133.10 [M+H]+) and N5-hydroxyornithine (m/z 149.09 [M+H]+) were 
detected when SidA was incubated with L-ornithine in the presence of 
NADPH and FAD. 

 

3.4 Determination of SidA kinetic parameters 

The NADPH oxidation assay was used to determine the kinetic parameters of SidA. 

The L-ornithine concentration was varied between 0-7 mM and the initial velocities were 

measured as a function of the L-ornithine concentrations. The data curve was fit to 

Michaelis-Menten equation using non-linear curve fitting on Prism GraphPad (Fig. 3.9) 

and it was determined that SidA has an apparent Km of 0.067 mM, Vmax of 81.26 nmol 

NADPH consumed min-1 mg-1 SidA, Kcat of 4.8min-1 and Kcat/Km of 71641 M-1min-1. 
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Figure 3.9: Kinetic analysis of SidA determined by NADPH oxidation assay (mean ± SD 
of n=3). The curve was fit to the standard equation for Michaelis-Menten 
reactions. 

 
 

3.5 pH and temperature dependence of SidA 

In order to determine the pH and temperature optima for the catalytic activity of 

SidA, the NADPH oxidation assays were carried out in a pH range of 6.0-13.0 and 

temperature range of 25˚C-60˚C.  The data indicate that SidA is most active between pH 

9.0-10.0 (Fig. 3.10) and therefore, all further assays were performed using Glycine-

NaOH buffer at pH 9.0 unless indicated otherwise. The temperature profile data showed 

SidA is most active at 45˚C (Fig. 3.11). 
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Figure 3.10: Effect of pH on SidA activity. The rate of NADPH oxidation was measured 
using 100 mM potassium phosphate (squares) at pH 6.0– 8.0, Tris-HCl 
(triangles)at pH 7.0-9.0, Glycine-NaOH (pluses) at pH 9-10, Bicarbonate-
NaOH (filled circles ) at pH 9.5-11.0, Sodium hydrogen orthophosphate-
NaOH (diamonds) at pH 11.0-12.0, and KCl-NaOH (stars)at pH 12.0-13.0; 
varying in steps of 0.5 pH units. 
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Figure 3.11: Effect of temperature on SidA activity. Temperature dependence of SidA 
was monitored using the NADPH oxidation assay between 25 °C and 60 °C. 
Values shown represent the mean ± SD of triplicate samples. 

 
 
 

3.6 SidA co-purification with FAD 

Purified SidA protein was yellow, an indication of the presence of bound FAD. 

To establish whether FAD co-purified with SidA, an NADPH oxidation assay was 

performed in the absence of FAD. The average specific activity without additional FAD 

was 34.91 nmol NADPH min-1 mg protein-1 compared to 56.7 in the presence of FAD. 

Therefore, the purified SidA had considerable activity in the absence of added FAD; 
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however, addition of FAD increased specific activity by 1.6 fold. The presence of bound 

FAD in the purified protein was also confirmed by absorption spectroscopy: the freshly-

purified SidA had absorption maxima at 370 nm and 450 nm which are diagnostic of 

(oxidized) flavin (Fig. 3.12). 

 

Figure 3.12: The absorption spectrum for SidA. 2 µl amount of protein in 20 mM Tris– 
HCl, pH 8.0 buffer was scanned from 220-750 nm. The absorbance peaks at 
~370 nm and ~450 nm (marked with vertical lines) are diagnostic of a 
flavoprotein. The inset shows the absorption spectrum for pure FAD. 
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3.7 FAD dissociation constant 

Although SidA co-purified with FAD, it was not saturated with bound FAD. The 

concentration of bound FAD was calculated using the extinction coefficient of FAD at 

450nm (11300 M-1cm-1) and it was determined that on a molar basis, 12.5% of the 

molecules had bound FAD.  

The dissociation constant (Kd) for FAD was determined to be 7.2 ± 0.58 µM (Fig. 

3.13) and 5.5 ± 0.61 µM (data not shown) in Tris-HCl and potassium phosphate buffers, 

respectively and no significant differences were observed between two buffer systems. Kd 

was determined by fitting the data by Graphpad Prism program to the equation ΔF= 

 (ΔFmax[X])/(Kd+[X]) and ΔF=F0-F, where F is the SidA fluorescence intensity at various 

FAD+ concentrations [X] and F0 is the fluorescence of SidA in the absence of FAD+. The 

binding maxima were also determined in both buffers and they were 57.2 ± 1.26 and 58.5 

± 1.61 change in fluorescent units at 330 nm in Tris-HCl and potassium phosphate 

buffers, respectively. 
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Figure 3.13: Fluorescence titration of SidA with FAD +. The changes in fluorescence of 
SidA (ΔF) were plotted against the total concentrations of FAD+. The best-fit 
titration curve was obtained using the GraphPad Prism program.  

 

3.8 Cofactor and substrate specificity 

The NADPH oxidation assay was used to determine the coenzyme and substrate 

specificity profile for the SidA enzyme (Table 3.1). In the presence of substrate, L-

ornithine and cofactors, FAD and NADPH, SidA had an activity of 56.7 nmol min-1 mg 

protein-1, this number was used as a baseline to compare the activity when other cofactors 

or substrates were used. If no FAD was added to the assay, activity was reduced 1.6-fold. 

When FAD was replaced by FMN, the activity of enzyme was also 1.6-fold lower 

(activity driven from bound FAD) indicating that SidA has strict preference for FAD over 

FMN. Similarly, SidA prefered NADPH to NADH as an electron donor; when NADPH 

was replaced with NADH, enzyme activity declined approximately 3-fold.   
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The substrate specificity of SidA was determined by replacing L-ornithine with 

structural analogues including L-lysine, D-ornithine, L-homoserine, L-glutamine, L-

asparagine, DL-2, 3-diaminopropionic acid, DL-2, 4-diaminobutyric acid, 5-

aminopentanoic acid, 1,4-diaminobutane L-norleucine or L-2, 4-diaminobutyrate at 

comparable concentrations. With the exception of L-lysine, none of the alternative 

substrates yielded the same activity as for L-ornithine; the activity range was between 1.6 

to 12.7 fold lower with 1, 4-diaminobutane having the highest and L-2, 4-diaminobutyrate 

having the lowest levels of activity. L-lysine was the only substrate that achieved 

comparable levels of NADPH oxidation; however, other experiments showed that this 

activity was restricted to NADPH oxidation and that the enzyme was uncoupled in the 

presence of L-lysine (See below).       
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Table 3.1: Substrate and co-factor specificity of AfSidA. 

Substrates and cofactors added Enzyme activity 
(nmol NADPH consumed/mg 

enzyme/min) 
mean ± SD (n=3) 

 
 
L-ornithine, FAD, NADPH 

 
56.7 ± 1.5 

L-ornithine, NADPH 34.9 ±0.92 
  
Coenzyme specificity  
FMN 34.9 ± 0.2 
NADH 19.6 ± 1.1 
 
Substrate specificity 

 

L-Asparagine 7.8 ± 0 
L-Glutamine 10.5 ± 0 
L-Homoserine 10.5 ± 0 
D-ornithine 18.3 ± 0 
L-lysine 61.9 ± 5.4 
DL-2, 3-diaminopropionic acid 8.6 ± 0 
DL-2, 4-diaminobutyric acid 5.9 ± 0.3 
5-aminopentanoic acid 17.7 ± 0.8 

1,4-diaminobutane 36.2 ± 1.9 

L-2, 4-diaminobutyrate 4.5 ± 0 
L-norleucine 8.2 ± 0.2 
* SidA exhibited a substrate independent NADPH oxidation of 9.7 nmol NADPH/ min-1 
mg-1 enzyme. 

 

3.9 H2O2 Production 

For monooxygenases such as IucD from E.coli, PVDA from P. aeruginosa and 

CchB from S. coelicolor, it has been reported that there is a slow NADPH oxidation that 

takes place even in the absence of substrate. In the absence of substrate, a flavin 

4ahydroperoxide species is formed which decays and gives rise to FAD and hydrogen 

peroxide, i.e., the enzyme activity is uncoupled from substrate hydroxylation (Pohlmann 

& Marahiel, 2008). To determine whether SidA can generate hydrogen peroxide at low L-
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ornithine concentrations, the amount of hydrogen peroxide produced was measured by a 

coupled assay with horseradish peroxidase and the ABTS at 725 nm at different substrate 

concentrations. This was also tested for L-lysine, a substrate that is capable of generating 

levels of NADPH oxidation comparable to L-ornithine. The results indicated that the 

reaction was tightly coupled when L-ornithine was the substrate and uncoupling was only 

observed when L-ornithine concentrations dropped below 100 µM (Fig. 3.14). With L-

lysine, the reaction was uncoupled (as evidenced by H2O2 production) even at high 

substrate concentrations (Fig. 3.15); therefore, even though L-lysine was able to stimulate 

NADPH oxidation at the same rate as L-ornithine, the substrate was not oxidized. 
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Figure 3.14: Generation of hydrogen peroxide by purified SidA. Hydrogen peroxide 
production was monitored at various L-ornithine concentrations using a 
coupled spectrophotometric assay at 725 nm. The inset shows H2O2 
production by purified SidA over a range of 0-500 µM L-ornithine. 
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     Figure 3.15: Percentage of hydrogen peroxide produced by purified SidA using L-      
ornithine or L-lysine as substrate.  

 

3.10 Inhibitor profile 

Using the NADPH oxidation assay, the inhibitory profile of 5-aminopentanoic acid, 

L-2, 4-diamino butyrate, L-homoserine and difluoromethylornithine (DFMO) on activity 

of SidA were monitored. The data were analyzed using the GraphPad prism5 program. 

The results indicated that only L-2, 4-diaminobutyrate is a weak competitive inhibitor of 

L-ornithine with KI of 5.54 mM ± 1.58. These data are shown using a Lineweaver-Burke 

plot (Fig. 3.16). A competitive inhibitor reversibly binds to the same site as the substrate, 

so its inhibition can be overcome by using a higher concentration of substrate. The 

maximum velocity of the enzyme doesn't change, but it takes more substrate to get to half 

maximal activity. In case of L-2, 4-diaminobutyrate, it was concluded to be a competitive 

inhibitor of SidA with regards to L-ornithine since Vmax remained the same but a higher L-
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ornithine concentration was needed to reach to half maximal activity (Km) in L-2, 4-

diaminobutyrate presence.  

 

   
 

Figure 3.16: Lineweaver-Burke plot of inhibition of SidA by L-2, 4-diamino butyrate 
based on NADPH oxidation activity. 

 

3.11 Antibody production and SidA localization 

A. fumigatus spheroplasts were successfully obtained from A. fumigatus grown in 

iron-limited medium (Fig. 3.17) and the total cell lysate was subjected to subcellular 

fractionation. Three different fractions were obtained from subcellular fractionation: 1. 
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crude organelle pellet enriched in the plasma membrane, vacuolar membrane, 

endoplasmic reticulum, and mitochondria ('p10'), 2. a pellet enriched in late Golgi 

vesicles ('P100') and the cytosolic fraction (Sun-Wada et al., 1998). The proteins were 

separated by SDS-PAGE and western blot analysis was carried out using anti-SidA 

polyclonal antibodies raised in rabbits. Detection of bound primary antibody was done 

using a monoclonal mouse anti-rabbit IgG conjugated to HRP. Optimal conditions for 

SidA detection were established in a pilot study using dot blotting (see Materials and 

Methods). A combination of 1/1000 dilution of 1˚ Ab with 1/25000 dilution of 2˚ Ab was 

optimal using 1 µg or less of purified SidA was the positive control on the gels. As 

discussed in the bioinformatic section above, computer analyses had predicted SidA to be 

in the cytoplasm since it had no N-terminal signal peptide. However, based on the 

western blot analysis, SidA was not detected in the cytoplasmic fraction. Rather, the 

bands appeared in both the P10 and P100 pellets (Fig. 3.18). 
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    Figure 3.17:  A. fumigatus spheroplasts visualized under 40X objective. a) DIC image    
                         of spheroplast formation process after 1h of incubation with lytic  
                         enzymes. b) Brightfield image of final spheroplast preparation used for  
                         subcellular fractionation.  

 

                    

Figure 3.18: Cellular fractionation immunoblot analysis from AfSidA. 1 Molecular mass 
standards (kDa), 2 Pure SidA: 1 µg, 3 cytosolic pellet after TCA 
precipitation: 13.5 µg, 4 blank, 5 P100 fraction: 6 µg, 6 blank, 7 P10 fraction: 
30 µg. 
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4: Discussion and concluding remarks 

 To date, studies have shown that different types of enzymes have evolved in nature 

to catalyze monooxygenation reactions. The best-known example within this group is the 

heme-containing family of cytochrome P450 monooxygenases; however, there exist other 

non-heme monooxygenases such as copper-dependent, and flavin-dependent 

monooxygenases (Van Berkel et al., 2006).  

 Flavin-dependent monooxygenases are a major group of monooxygenases and have 

been shown to catalyze a wide range of different oxygenation reactions. In general, 

flavin-dependent monooxygenases are able to activate molecular oxygen by using a 

reduced flavin cofactor (Massey, 1994). This interaction between flavin and oxygen gives 

rise to a complex of superoxide (superoxide is reduced oxygen) and a flavin radical 

(Ghisla & Massey, 1989). Flavin interaction with molecular oxygen can only occur when 

flavin is in the reduced form and most monooxygenases achieve this by consuming 

reduced coenzymes, NADH or NADPH. These monooxygenases are called external 

flavoprotein monooxygenases. For most flavoprotein monooxygenases, interaction 

between the C(4a) of the flavin and molecular oxygen yields a reactive C(4a)-

hydroperoxyflavin species which is unstable and typically decays to form hydrogen 

peroxide and oxidized flavin. However, flavoprotein monooxygenases are able to 

stabilize this species by oxygenating a substrate and as a result, a single atom of 

molecular oxygen becomes incorporated into the substrate, while the other oxygen atom 

is reduced to water (Entsch & van Berkel, 1995).  
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 It has been reported that the specific type of oxygenation and selectivity depends on 

the shape and chemical nature of the active site of each specific monooxygenase (Van 

Berkel et al., 2006). Based on sequence and available structural data, external 

flavoprotein monooxygenases have been classified to smaller subfamilies (Van Berkel et 

al., 2006). One such subfamily comprises three sequence-related flavoprotein 

monooxygenases (Fraaije et al., 2002): flavin-containing monooxygenases (FMOs), 

microbial N-hydroxylating monooxygenases (NMOs) and Baeyer-Villiger 

monooxygenases (TypeI BVMOs). Members of this subfamily are encoded by a single 

gene, are dependent on FAD and NADPH as cofactors, and, where structural data are 

available, are composed of two dinucleotide binding domains (Rossmann fold) binding 

FAD and NADPH, respectively (Van Berkel et al., 2006). 

 The FMOs’ protein sequences were originally identified in liver microsomes 

(Ziegler, 2002). FMOs are found in all mammals and other eukaryotic organisms. In 

mammals and humans, FMOs vary with regard to substrate specificity and tissue 

localization and play important roles in detoxification of xenobiotics thereby 

complementing the activities of the cytochrome P450 system (Van Berkel et al., 2006). 

BVMOs catalyze an atypical oxygenation reaction where a ketone (or aldehyde) is 

oxidized to an ester or lactone (Malito et al., 2004). BVMOs are classified depending on 

their flavin cofactor (Willetts, 1997): type I enzymes are the most extensively 

investigated (Mihovilovic et al., 2002) and are FAD-dependent proteins that use NADPH 

and molecular oxygen to insert an oxygen atom into their substrate (Malito et al., 2004). 

Microbial NMOs such as lysine N6-hydroxylases, catalyze the N-hydroxylation of long-

chain primary amines. NMOs play a role in the biosynthesis of various bacterial and 
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fungal siderophores (see Introduction). NMOs have only moderate global sequence 

homology with FMOs and BVMOs (Mayfield et al., 2010); nevertheless, phylogenetic 

analysis places the NMOs nearest FMO and BVMO families but within a novel subclass 

(Fraaije et al., 2002).  

The gene sidA from the opportunistic pathogen, A. fumigatus encodes L-ornithine 

N5-oxygenase (SidA), which catalyzes the first step in hydroxamate siderophore 

biosynthesis in this fungus (Hissen et al. 2005, Schrettl et al. 2004). SidA belongs to the 

NMO family of monooxygenases and contains common features that are shared by L-

ornithine-N5-oxygenases (Stehr et al., 1998). A detailed understanding of its structure 

may provide invaluable information in the design of novel antifungal agents; however, to 

date, no crystal structure has been obtained. In an attempt to get some insight into SidA 

3D structure, I submitted the protein sequence to the PHYRE protein engine, Imperial 

College of London (Kelley & Sternberg, 2009), to generate a tertiary structural model 

(see section 3.1). The best model generated was based on the crystal structure of 

phenylacetone monooxygenase (1w4x), a Baeyer–Villiger monooxygenase from the 

thermophilic bacterium Thermobifida fusca. This enzyme belongs to type I BVMOs and, 

similar to SidA, is an FAD-dependent enzyme that uses NADPH and molecular oxygen 

to insert an oxygen atom into its substrate (Malito et al., 2004). The PHYRE-generated 

model displayed the FAD and the NADPH-binding domains with the typical nucleotide-

binding fold (Wierenga et al., 1983) containing the canonical βαβ motif. Structural 

alignment of modelled SidA with phenylacetone monooxygenase as template resulted in 

very good overall structural homology with root mean square deviations of only 0.48 Å 

for Cα atoms (RMSDcalc, Claude et al., 2004). An analysis of the Ramachandran plot of 
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the model revealed that 98.3% of the residues were in favoured/allowed region and only 

1.7% fell out of the allowed range of phi and psi angles (RAMPAGE, Lovell et al., 

2002). Furthermore, recent studies have predicted the mechanism of action for both SidA 

and phenylacetone monooxygenase. Even though these enzymes belong to different 

subfamilies (NMO versus BVMO), the results of these studies have predicted very 

similar kinetic mechanisms for both enzymes. For example, neither of the two require the 

presence of substrate for reduction of FAD to occur and in both cases, the oxidized 

nicotinamide coenzyme (NADP+) stays bound throughout the catalytic cycle and is the 

last product to be released (Mayfield et al., 2010; Chocklett & Sobrado, 2010; Torres 

Pazmiño et al., 2008). Along with very good overall structural homology between 

phenylacetone monooxygenase and SidA, the similarity in kinetic mechanism and similar 

domain organization (FAD, NADPH binding) make it tempting to suggest that the 

predicted model is a faithful representation of the actual 3-D structure of SidA. 

Nevertheless, there is an important difference between the two proteins that introduces 

uncertainty into the accuracy of this predicted model: these two monooxygenases utilize 

totally different substrates, i.e., SidA is specific for L-ornithine whereas phenylacetone 

monooxygenase can oxidize aromatic compounds as well as aliphatic ketones though 

with a high preference towards phenylacetone (Fig 4.1) (Malito et al., 2004).  No 

aromatic compounds were tested as potential substrates or inhibitors of L-ornithine for 

SidA in this study but it has been shown that IucD from E. coli which uses L-lysine as 

substrate was inhibited by p-chloromercuribenzoate (Fig 4.1) (Plattner et al., 1989) and 

this bulky mercurial compound was also a mixed inhibitor of PvdA from P. aeruginosa 

which catalyzes L-ornithine hydroxylation in this bacterium (Meneely & Lamb, 2007).   
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Figure 4.1: Chemical structures of a. phenylacetone, and b. p-chloromercuribenzoate. 
 

Determination of SidA kinetic parameters (Table 4.1) were done using the NADPH 

oxidation assay and it was determined that SidA has an apparent Km of 0.067 mM, Vmax 

of 81.26 nmol NADPH consumed min-1 mg-1 SidA, Kcat of 4.8min-1 and Kcat/Km of 71641 

M-1min1. The average specific activity of 81.26 nmol NADPH consumed min-1 mg-1 SidA 

determined for SidA is lower than the activities reported for SidA by Mayfield et al. 

(2010) 657 ± 55 nmol of NADPH min-1 mg-1 and for PvdA from P. aeruginosa, 528 ± 8 

nmol of NADPH min-1 mg -1 (Meneely and Lamb, 2007); 1.34 ± 0.01 µmol min-1 mg -1 

(Ge and Seah, 2006). The Km value of 0.067 mM is also lower than the values reported 

for PvdA 0.58 ± 0.01 mM (Ge and Seah, 2006), 593 ± 12 µM (Meneely and Lamb, 2007) 

and for SidA by other studies, 1.70 ± 0.06 mM determined by hydroxylated product 

monitoring assay (Chocklett & Sobrado, 2010) and 5.8 ± 0.4 X 10-4 M determined by 

NADPH or O2 assays (Mayfield et al., 2010). However, overall the catalytic effectiveness 

of SidA in our study, 71641 M-1min-1, is in the same order of magnitude or better than the 

values reported for SidA by other studies 1.1± 0.1 X 103 M-1s-1  (Mayfield et al., 2010), 



 

 98 

17 ± 0.4 mM-1 min-1 (Chocklett & Sobrado, 2010) and for PvdA 742 M-1s-1 (Meneely and 

Lamb, 2007).   

Table 4.1: SidA kinetic parameters in comparison to PvdA, its functional homologue     
                  from the bacterium, Pseudomonas aeruginosa. 
 

 SidA from A. fumigatus  PvdA from P. aeruginosa 
Vmax # a 81.26 ± 1.90 nmol NADPH min-1 mg-1 

* a 657 ± 55 nmol NADPH min-1 mg-1 

$ a 528 ± 8 nmol of NADPH min-1mg -1 

= 0.528 µmol min-1 mg-1 

 

@ a 1.34 ± 0.01 µmol min-1 mg -1 
Km # a 0.067 ± 0.01 mM 

! b 1.70 ± 0.06 mM 
* c 5.8 ± 0.4 X 10-4 M= 0.58 mM 

@ a 0.58 ± 0.01 mM= 580 µM 
 $ a 593 ± 12 µM 

Kcat # a 4.8 ± 0.11 min-1 
! b 29 ± 0.3 min-1 
! c 52 ± 2 min-1 

 $ a 26.4 ± 0.4 min-1 

Kcat/Km # a 71641 ± 9 M-1min-1 

* c 1.1 ± 0.1 x 103 M-1s-1=66000 M-1min-1 
! b 17 ± 0.4 mM-1 min-1= 17000 M-1min-1 

$ a 742 M-1s-1 

# This study 
* Mayfield et al., 2010  
$ Meneely & Lamb, 2007  
@ Ge & Seah, 2006 
!  Chocklett & Sobrado, 2010 
Values determined by: 
     a NADPH oxidation assay 
     b hydroxylation assay 
     c oxygen consumption assay 

 

Analysis of temperature and pH effects on SidA activity indicated that SidA is 

most active between pH 9.0-10.0 at 45˚C (see section 3.5). SidA preference for higher 

temperature is expected since A. fumigatus is a thermophilic organism with mycelial 

growth occurring at temperatures as high as 55°C and conidial survival at temperatures 

up to 70°C (Brakhage & Langfelder, 2002).  

It is possible that the higher SidA activity at higher pH could be attributed to a pH 

effect on the stability of NADPH since we measured SidA activity by monitoring 

NADPH oxidation. Wu et al. (1986) have reported that pH has the greatest effect on 
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NADPH stability. They have concluded that above pH 8.0, the rate of NADPH 

degradation is very slow and that NADPH should never be exposed to a pH below 7.4 

(Wu et al., 1986). However, we measured activity by subtracting the negative (no 

enzyme) control for each pH value and therefore the stability of NADPH is not the reason 

for higher activity at elevated pH.   

The SidA pH profile showed an inflection point at pH 8.0 with higher activity at 

higher pH values. Such an increase in SidA activity could reflect changes in ionization of 

the active site or substrate due to higher pHs. Changes in ionization pattern of the 

substrate L-ornithine cannot explain the break point at pH 8.0 since the side chain amino 

group of L-ornithine has a pKa of 10.76 (Lorthioin et al., 1996). The only titratable amino 

acid with a pKa around 8.0 is cysteine, and there are 5 cysteine residues in the structure 

of SidA. To determine whether any of these cysteines are in close vicinity to active site 

we looked at the modeled SidA structure knowing that for phenylacetone 

monooxygenase the reported active site was between the two FAD and NADPH binding 

domains. With the caveat that the 3-D model may not be entirely accurate, we found that 

two of the cysteine (Cys) residues, Cys 233 and 154 might have potential effects on 

active site ionization simply based on their location. Since the pKa value for an amino 

acid is strongly affected by its interaction by other residues and the environment, using 

the predicted model and the PROPKA 3.0 program (Li et al., 2005; Bas et al., 2008; 

Olsson et al., 2010) the pKa values for the titratable residues were calculated (see 

Appendix 2). The calculated pKa values were above 11.0 for all cysteines and the 

program indicated that the chance of them being buried in the modelled SidA structure is 

66% or higher. While we recognize that this is speculative, if true, then none of the 
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cysteines has a direct effect on SidA activity. Accordingly, our results have shown that 

addition of 1 mM DTT either to storage buffer or to buffers used for purification did not 

have a considerable effect on SidA activity. However, activity determinations in the 

presence of thiol inactivating agents as well as site-directed mutagenesis of the sidA gene 

will be required to conclusively determine the role of cysteine in the activity of SidA. 

 Two close homologues of the SidA protein, IucD, which catalyses L-lysine 

hydroxylation during aerobactin biogenesis in Escherichia coli and PvdA, which 

catalyses L-ornithine hydroxylation during pyoverdine synthesis in P. aeruginosa, are the 

only amino acid monooxygenases whose subcellular localization have been investigated 

to date (Herrero et al., 1988; Imperi et al., 2008). Topological studies on IucD suggested 

that, like SidA, it possesses at least one transmembrane (TM) domain that contains the 

putative FAD-binding motif at the N-terminal region (Herrero et al., 1988). Furthermore, 

Thariath et al. (1993) were only able to obtain a soluble form of IucD with an N-

terminally altered recombinant protein (Thariath et al., 1993). However, Plattner et al. 

(1989) reported successful purification of the native IucD (Plattner et al., 1989), and 

therefore the assumption that IucD is a membrane-associated protein is controversial. It 

was proposed that such behaviour can be the result of the moderate hydrophobicity of 

dinucleotide-binding domain in this molecule (Dick et al., 1998; Seth et al., 1998; Stehr 

et al. 1998) and its cellular localization still remains unknown. 

Imperi et al. (2008) have suggested that PvdA is anchored to the bacterial 

cytoplasmic membrane with the core of the protein exposed to the cytosol. They 

demonstrated that although topological studies on pvdA predicted the existence of a 

transmembrane region, which overlapped the putative FAD-binding site for this protein, 
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native PvdA was released from membranes by chemical treatments that did not affect 

membrane stability, and therefore the existence of a canonical TM domain in the PvdA 

N-terminal region was rejected. These authors have speculated that the PvdA N-terminal 

hydrophobic domain interacts with the lipid bilayer by forming a U-shaped loop without 

crossing the membrane (Imperi et al., 2008). 

In the present study, the hydropathy profile of SidA estimated that the protein is 

soluble and cytosolic because of the absence of recognizable N-terminal signal peptides 

(WoLFPsort, Horton et al., 2007). However, a SidA transmembrane analysis indicated 

that although this protein is located mainly outside of a membrane (42-501), there exists a 

potential transmembrane helix at residues 42-58 (HMMTOP, Tusnády & Simon, 1998; 

2001), which, as for PvdA, overlapped with the putative FAD binding sequence. A 

subcellular fractionation analysis was performed on spheroplasts obtained from A. 

fumigatus, and although the exact location of SidA could not be pinpointed using this 

method, the results indicated that SidA was not detectable in the cytoplasmic fraction; 

rather, it appeared in both the P10 (enriched in the plasma membrane, vacuolar 

membrane, endoplasmic reticulum, and mitochondria) and P100 (enriched in late Golgi 

vesicles) pellets. This result, combined with the fact that SidA was successfully purified 

as a soluble protein with an N-terminal histidine tag, indicates that SidA interacts with 

intracellular membranes through its N-terminus, which contains the hydrophobic FAD 

binding domain. As with PvdA and IucD (Imperi et al., 2008; Herrero et al., 1988), a 

membrane localization for SidA may be biologically meaningful since it requires oxygen 

for activity and a cytoplasmic membrane location may provide a microenvironment 

enriched in oxygen. 
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 It is also worth noting that most membrane proteins span the bilayer with long 

(14-36 aa) α-helical stretches (Bowie, 1997) and although the presence of a potential 

transmembrane helix at residues 42-58 was predicted by HMMTOP program for SidA, 

the predicted secondary structure of the SidA at residues 42-58 is not made of a long 

helix and is a combination of β-strand, coil and α-helix structures. Therefore, the nature 

of the interaction of SidA with the membrane is presently unknown. One possibility is 

that SidA is tightly bound to another integral membrane protein via hydrophobic 

interactions with its N-terminal domain. With the availability of anti-SidA antibodies, it 

may be possible to determine what proteins may be bound to SidA by co-

immunoprecipitation.  

AfSidA was successfully purified as a soluble protein with an N-terminal histidine 

tag. The protein maintained its activity after being stored at -80°C at a concentration of 

around 10 mg/ml with 15% glycerol and 1 mM DTT; however, the protein precipitated at 

higher concentrations and when stored at 4°C. The subunit molecular mass of SidA, as 

determined by SDS-PAGE was 56 kDa, which is in agreement with the predicted 

molecular mass of 56.87 (based on the amino acid sequence). Preliminary multi-angle 

light scattering analysis demonstrated that native purified SidA adopts a tetrameric 

quaternary structure with an estimated molecular mass of 223.6 kDa. This was further 

supported by size exclusion chromatography; SidA eluted in a volume corresponding to a 

molecular weight of ~ 230 kDa. This is in agreement with predicted tetrameric quaternary 

structure for SidA reported by Chocklett & Sobrado (2010); however, Mayfield et al. 

(2010) reported SidA as being a homo-dimer with estimated native molecular mass of 

105 kDa. Similarly, PvdA was reported to be a monomer by Meneely and Lamb (2007) 
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whereas in solution, it was found to be tetrameric by Ge and Seah (2006). Based on the 

fact that several methods corroborated a tetrameric structure for SidA, I believe that this 

is its native structure but whether all NMOs are tetrameric remains to be determined.  

Substrate specificity of SidA was monitored by replacing L-ornithine with L-lysine, 

and with a series of compounds selected for their structural similarity to L-ornithine. 

SidA was less active with all of the alternative substrates compared to L-ornithine. L-

lysine was the only substrate that achieved comparable levels of NADPH oxidation; 

however, further studies revealed that this activity was uncoupled from hydroxylation.  

For monooxygenases such as IucD from E.coli, PvdA from P. aeruginosa and 

CchB from S. coelicolor, it has been reported that a slow NADPH oxidation takes place 

even in the absence of substrate. For example, in the absence of substrate, PvdA formed a 

flavin 4ahydroperoxide species, which decayed to FAD and hydrogen peroxide, i.e., the 

enzyme activity was uncoupled from substrate hydroxylation (Pohlmann & Marahiel, 

2008). To determine whether SidA generated hydrogen peroxide at low L-ornithine 

concentrations, the amount of hydrogen peroxide produced was measured. The results 

indicated that the reaction was tightly coupled when L-ornithine was the substrate but 

uncoupling was observed when the L-ornithine concentration was below 100 µM. In 

contrast, with L-lysine, the reaction was uncoupled (as evidenced by H2O2 production) 

even at high substrate concentrations; therefore, this substrate was not oxidized. Hence, 

SidA has a strict substrate preference for L-ornithine and this reaction is coupled even in 

the presence of relatively low substrate concentrations. A similar result was reported for 

SidA by Chocklett & Sobrado (2010) and they have observed an uncoupling effect at 

ornithine concentrations below 200 µM. Perhaps the fungal monooxygenase 
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hydroxylation is more tightly coupled compared to its bacterial counterparts since 

Pohlmann & Marahiel (2008) have reported that for the monooxygenase, coelichelin 

(CchB) from S. coelicolor the uncoupling occurs at ornithine concentrations below 1 

mM. 

Similar results were obtained by Chocklett & Sobrado (2010) who monitored SidA 

activity based on oxygen consumption. They concluded that L-lysine was the only 

compound that increased oxygen consumption without formation of any hydroxylated 

product. This strict preference for L-ornithine over L-lysine was also observed for the 

bacterial enzyme, PvdA (Meneely & Lamb, 2007; Ge & Seah, 2006). Meneely & Lamb 

(2007) suggested that L-lysine acts as a non-substrate effector for PvdA. They 

hypothesized that L-lysine leads to closing of the active site by an induced fit mechanism, 

which allows for electron transfer from NADPH to FAD, but since L-lysine is sufficiently 

different in size form L-ornithine (one methyl group longer) a successful hydroxylation 

does not occur (Meneely & Lamb, 2007).  

5-aminopentanoic acid, L-2, 4-diaminobutyrate, and L-homoserine acted as neither 

substrates nor effectors of SidA in substrate specificity studies, which can be the result of 

unsuccessful binding to the active site or their inability to produce any product upon 

binding. These compounds have all been shown to be competitive inhibitors of L-

ornithine with PvdA from P. aeruginosa (Ge & Seah, 2006). Therefore, the possible 

inhibitory effect of 5-aminopentanoic acid, L-2, 4-diaminobutyrate, and L-homoserine on 

the activity of SidA using L-ornithine as a substrate was studied. The inhibitory effect of 

difluoromethylornithine (DFMO) was also monitored. DFMO has been shown to be an 

irreversible inhibitor of ornithine decarboxylase (ODC), an enzyme that catalyses the 
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conversion of ornithine to putrescine (Malhotra et al., 2001) and is a drug found to be 

effective in the treatment of facial hirsutism (excessive hair growth) (Wolf et al., 2007) as 

well as in African trypanosomiasis (sleeping sickness) (Pepin et al., 1987). DFMO 

resembles L-ornithine structure except for having a difluoromethyl group on carbon 2. 

DFMO did not show any inhibitory effect on SidA so perhaps the difference in structure 

between DFMO and L-ornithine prevented effective binding to the catalytic site, or 

efficient hydride transfer between the two cofactors of SidA (FAD and NADPH) and the 

subsequent substrate hydroxylation.  Only L-2, 4-diaminobutyrate (one carbon atom 

shorter than L-ornithine) is a weak competitive inhibitor of L-ornithine with a KI of 5.54 

mM ± 1.58. Therefore, L-2, 4-Diaminobutyrate is able to bind to the enzyme but it does 

not stimulate the NADPH oxidation by SidA.  

Neither IucD nor PvdA co-purify with the flavin coenzyme, and FAD Kd values in 

the micromolar range have been reported for both these enzymes (Macheroux et al., 

1993; Meneely & Lamb, 2007; Ge and Seah, 2006). Purified SidA protein was yellow, an 

indication for the presence of bound FAD and this was confirmed by absorption 

spectrometry. Although SidA co-purified with FAD, it was not saturated: on a molar 

basis, 12.5% of the molecules had bound FAD. The co-purification of SidA with FAD 

was also recently reported by two other research groups; however, the stoichiometry of 

flavin incorporation of SidA was calculated to be 50-65% (Chocklett & Sobrado, 2010; 

Mayfield et al., 2010). We determined the dissociation constant (Kd) for FAD in both 

Tris-HCl and potassium phosphate buffers since Meneely and Lamb (2007) had 

suggested that the presence of the chloride ion might affect the dissociation behaviour of 

FAD since they had reported competitive inhibition of chloride for PvdA (Meneely & 
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Lamb, 2007). Kd values for SidA were determined to be 7.2 ± 0.58 µM and 5.5 ± 0.61 µM 

in Tris-HCl and potassium phosphate buffers, respectively. Because no significant 

differences were observed between two buffer systems, we conclude that chloride does 

not affect FAD binding by SidA.  

With regards to coenzyme specificity Ge and Seah (2006) had reported that PvdA 

exhibited stringent specificity to its cofacters since NADH and FMN were not utilized by 

PvdA. In addition, Meneely and Lamb (2007) reported that although PvdA was fully 

dependent on FAD over FMN, no coenzyme oxidation was detected when NADPH was 

substituted with NADH. However, hydroxylated product was detected at 14% of full 

activity upon substitution, which suggested the possibility of non-specific product 

formation in the presence of NADH (Meneely & Lamb, 2007). Our results for SidA 

indicated that this enzyme has a strict preference for FAD over FMN using NADPH 

oxidation assays. Similarly, SidA strongly prefers NADPH to NADH as an electron 

donor; upon replacing NADPH with NADH, enzyme activity declined by ~70%. 

Chocklett & Sobrado (2010) demonstrated a similar result for SidA. Using the product 

formation and oxygen consumption assays for monitoring SidA activity, they found an 8-

fold higher activity using NADPH as a co-factor compared to NADH.  

In conclusion, this study was undertaken to get novel insights into the 

characteristics and behavior of the L-ornithine-N5-oxygenase from the opportunistic 

fungal pathogen A. fumigatus. Our results provide a valuable background and stepping 

stone for further investigations on the structure of this enzyme that can ultimately give 

rise to development of effective antimicrobial agents. 
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5: Appendices 

5.1 Appendix 1 

5.1.1 Cloning the L-ornithine-N5-oxygenase of Pseudomonas aeruginosa - pvdA 

Although A. fumigatus is the predominant respiratory fungal pathogen in patients 

with underlying diseases such as cystic fibrosis (CF), or those with impaired immune 

system (Odds et al., 2003), P. aeruginosa has emerged as an important opportunistic 

bacterial pathogen in these patient groups. Pseudomonas aeruginosa, a ubiquitous Gram-

negative soil bacterium can cause persistent respiratory infections in individuals suffering 

from CF and once established as a biofilm, it cannot be eradicated (Hoiby et al., 2005). 

Studies have demonstrated that hydroxamate siderophore synthesis is required for full 

virulence in P. aeruginosa (Takase et al., 2000) and that the first committed step of 

hydroxamate siderophore biosynthesis in this pathogen is the N-hydroxylation of 

ornithine by an ornithine-N5-oxygenase, pvdA. Therefore, the objective here was to 

characterize pvdA from P. aeruginosa. 

A sample of Pseudomonas aeruginosa strain PAO1 was used. The pvdA gene is 

1332 base pair long with GC content of 65.4% (http://www.encorbio.com/protocols/Nuc-

MW.htm) comparable with the whole genome GC content of 65-67% (Lee et al., 2006) - 

this was our major challenge in cloning the gene out of the genome. Eventually, we were 

able to clone it using a combination of hot start PCR and Accuprime Taq polymerase 

(Invitrogen)  (Fig. 5.1).  P.aeruginosa, PAO1 strain was obtained from Brinkmann 

laboratory (Simon Fraser University, Canada) and was maintained on LB plates (per litre: 
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10 g Bio-Tryptone, 5 g Yeast extract, 10 g NaCl and 15 g agar) from which overnight 

cultures were prepared. Genomic DNA was then purified using Zymo Research’s 

Fungal/Bacterial DNA kit and the concentration was determined spectrophotometrically. 

Primers were designed with flanking restriction sites (the underlined sequence refers to 

NdeI and HindIII recognition sites, respectively). pvdAFOR1 (forward primer)-5’-

GACCCATATGACTCAGGCAACTGCAAC CG-3’ and pvdAREV1 (reverse primer)-5’-

CTATAAGCTTCAGCTGGCCAGGGCGTGC-3’.The PCR set up and condition are shown 

in Table 5.1.  

Regardless of our success in cloning pvdA from the P. aeruginosa genome, it was 

decided not to continue on with this gene since its structure was being pursued by other 

research groups. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 109 

Table 5.1: The PCR set up and condition for cloning P. aeruginosa’s pvdA gene.  
 

 

 

 

                               
 

 

Figure 5.1: 0.7% agarose gel electrophoresis of pvdA PCR amplified using Accuprime   
                  Taq polymerase. Lane1: 1 kb DNA ladder, 2: PCR control, 3: pvdA amplified  
                   with Accuprime. Expected amplicon size =1332 bp. 

PCR set up (µL) PCR condition 

H2O                                              41.8 
BufferII (Invitrogen)                          5 
pvdAFOR1 primer                             1 
pvdAREV1 primer                             1 
Template                                            1 
Accuprime                                       0.2 

Step 1: 98ºC- 10min 
Step 2: 94ºC- ∞ add enzyme 
Step 3: 94ºC- 2min 
Step 4: 94ºC- 30s 
Step 5: 62ºC- 30s 
Step 6: 68ºC- 1:30s 
Step 5: Repeat steps 4-6, 29X 
Step 5: 10ºC ∞ 
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5.2 Appendix 2 

  

 
 
Figure 5.2: The pka values for the titratable residues of modelled SidA. Values were  
                   calculated using the PROPKA 3.0 program (Li et al., 2005; Bas et al., 2008;    
                   Olsson et al., 2010).  Columns include name of the residue, number of the  
                   residue, calculated pKa value and percent or residue buried in the structure;   
                   N+: N terminus, C-: C terminus. Cys 233 and Cys154 are circled.  

 
 
 
 
 
 
 
 
 



 

 111 

 

5.3 Appendix 3 

 

            

Figure 5.3: The SidA cDNA sequence from A. fumigatus strain 13073. Sequencing 
results demonstrated that this sequence was identical to the published exon 
sequence from Af293 strain’s genome on ‘The Institute of Genomic 
Research’ (TIGR) database. 
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