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ABSTRACT

Ferrichrome is a hydroxamate-containing siderophore produced by the pathogenic
fungus Aspergillus fumigatus during infection. This siderophore includes N°-
hydroxylated L-ornithine in the peptide backbone that serve as iron chelators. Af SidA is
the L-ornithine N°-hydroxylase, which performs the first enzymatic step in the
biosynthesis of ferrichrome. In this study, Af SidA was recombinantly expressed and
purified as a soluble tetramer with a bound FAD cofactor. The enzyme demonstrated
typical Michaelis-Menten kinetics in a product formation assay with respect to L-
ornithine, but similar experiments as a function NADH and NADPH indicated inhibition
at high coenzyme concentrations. Af SidA is highly specific for its substrate; however, it
is promiscuous with respect to its coenzyme requirement. A multi-functional role of
NADPH is observed since NADP™ is a competitive inhibitor with respect to NADPH and
steady-state kinetic experiments indicate that Af SidA forms a ternary complex with
NADP" and L-ornithine for catalysis. Furthermore, in the absence of substrate, Af SidA
forms a stable C4a-(hydro)peroxyflavin intermediate that is stable on the second time
scale. Af SidA is also inhibited by several halides and the arginine-reactive reagent,
phenylglyoxal. Biochemical comparison of Af SidA to other flavin-containing

monooxygenases reveal that Af SidA likely proceeds by a sequential-ordered mechanism.
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CHAPTER ONE
Introduction
1.1 Iron and activated oxygen species in biology

Living organisms have selected iron to achieve a large number of biological
processes (Table 1.1) [1]. Iron’s biochemical importance stands out because of its
chemical versatility. Since iron can serve as both an electron acceptor and donor, the
electronic versatility of iron allows it to occupy several valence states, ranging from zero-
valent iron, Fe°, up to Fe®*. This permits iron to form a series of oxyanions, many of
which are chemically and biologically active. The unique stability of iron comes from
the extreme variability of the Fe?*/ Fe** redox potential, which can be finely tuned by
well-chosen ligands.

Iron in its various oxidation states plays critical roles. The most well-known
utilization of iron is in oxygen transport in the red blood cells of vertebrates and in tissues
of some invertebrates [2]. Here, iron is incorporated into a heme cofactor of hemoglobin,
which binds molecular oxygen. Hemoglobin then transports oxygen from the lungs or
gills to the rest of the body where it releases the oxygen for cell use. Similarly, iron is
found in the heme cofactor of cytochrome P450 enzymes, which can metabolize
thousands of endogenous or exogenous compounds, critical for the activation and
degradation of a variety of toxic compounds [3]. Iron is also utilized in the heme
cofactor of catalase, an enzyme used to breakdown deleterious hydrogen peroxide into
water and molecular oxygen [4, 5]. Furthermore, iron can serve as the cofactor in Fe-
superoxide dismutase, an antioxidant mechanism against all cells exposed to molecular

oxygen [6-8]. Interestingly, iron complexes can also react with molecular oxygen or with



its reduced species, leading to highly reactive high-valent iron-oxo species. Here,
multicomponent protein complexes are capable of activating O, molecules to initiate the
degradation process of many biological contaminants and pollutants [9-11].

From the examples mentioned above, it is quite apparent that elemental iron is
essential for life. As complex organisms, humans utilize a combination of these iron-
dependent molecules and proteins to optimize function and viability. However, Fe** is
not “free,” but quickly oxidizes in aerobic environments, forming insoluble hydroxides,
(FeOH)s. As a result, the concentration of Fe®* in water is very low (10 M) [12].
Mammalian iron-binding proteins such as hemoglobin and transferrin further reduce its
concentration to an estimated 102 M in human serum [13]. For humans, this is
advantageous since iron rapidly reacts with oxygen forming radicals, which can lead to
DNA and protein damage.

This scarcity of available iron presents a predicament for bacterial cells, which
require a cytoplasmic iron concentration of 10 M for growth [14]. To maintain iron
homeostasis, many microbes use a variety of techniques to traffic elemental iron from the
environment and extracellular spaces. Such examples include the import of iron from the
mammalian iron carriers heme and transferrin or the production of low molecular weight
molecules with high affinity for Fe** known as siderophores. As a result, these pathways
involved in iron uptake have created new avenues of biochemical research with a direct
impact on global health. Better comprehension of the complex machinery involved in
iron trafficking by microorganisms can potentially lead to new therapeutic strategies

against several of the world’s deadliest diseases.



Table 1.1 Redox chemistry of iron and oxygen species.

Oxidizing Agent

Exchanged

e

Reaction

Example

Ferrous iron as a reducing agent

O,

O,

0,
H20;
H20;

Ferric iron as a reducing agent

1

LFe(Il) + 0, —» LFe(IIl) + O,

2HY +
LFe(II) + O, — LFe(IV)=0 + H,0

|

LFe(V)=0
2H*

LFe(l) + O, — LFe(Ill) + H,0,
LFe(Il) + H,0, — LFe(Ill) + HO + HO'
LFe(Il) + H,0, — LFe(IV)=0 + H,0

Autoxidation

Cyt P450

Iron SOD (step 2)

Fenton reaction
Fe-EDTA

H20;

Superoxide as a reducing agent

+
LFe(lll) + H,0, —> LFe(IV)=0 + H,0

LFe(III)-O-O-H LFe(V)=0

Catalases

Peroxidases

LFe(Il)

1

0, + LFe(ll) —» O, + LFe(l)

Hydrogen peroxide as a reducing agent

Iron SOD (step 1)
Haber-Weiss (step 1)

H,0,

2

H,O, + LFe(V)=0 — H,0 + O, + LFe(III)

D (Nucleophile) as a reducing agent

Catalases

LFe(IV)=0

LFe(IV)=0

i

LFe(V)=0

1

1

.o 2H* .
D + LFe(IV)=O —> D + H,0 + LFe(IlI)

e+
D +LFe(IV)=O — D + LFe(IV)=0

D +LFe(V)=0 — DO + LFe(Ill)

Peroxidases

Peroxidases

Monooxygenases

L: ligand; D: nucleophile.



1.2 Iron acquisition
1.2.1 Iron-specific transport and assimilation

Most organisms depend on the availability of iron for growth, with notable
exceptions including the bacteria Borrelia burgdorferi and Lactobacillus plantarum [15,
16]. Therefore, many bacteria and fungi have evolved various strategies, often used in
parallel, to acquire iron for metabolic processes. It is documented, for example, that the
fungus Aspergillus fumigatus uses a combination of systems to acquire iron: (i) ferrous
iron uptake, (ii) reductive iron assimilation, and (iii) siderophore-mediated iron uptake
[17]. The fact that A. fumigatus has developed several iron acquisition strategies is likely
a result of the organism’s ability to adapt and proliferate in numerous environments.

On the other hand, some organisms only require a single iron acquisition system.
For example, Helicobacter pylori, the causative agent of type B gastritis, relies on a Fe®*/
Fe** iron uptake system for survival in the low pH, low-O, environment of the human
stomach [18]. In one study, Blaser and co-workers created a series of mutant strains of
H. pylori lacking specific Fe*/ Fe** citrate transporters based upon the known genome
sequence. It was demonstrated that inactivation of the iron acquisition gene, feoB,
resulted in ~10-fold lower iron transport than the wild-type, regardless of whether iron
was supplied in its ferric or ferrous forms. Moreover, growth inhibition in iron-deficient
media in this mutant was only relieved when cells were supplemented with holo-
transferrin, holo-lactoferrin, and Fe** dicitrate. It was not until complementation of the
feoB mutant that full Fe** and Fe** transport was fully restored [19].

In support of Blaser’s findings, Suzuki and co-workers constructed a

Magnetospirillum magneticum knockout of ORF4, encoding a putative cytoplasmic



ATPase [20]. Here, it was presented that iron trafficking through the cytoplasmic
membrane was dependent on the gene product of ORF4 and therefore the ability of the
M. magneticum mutant to take up iron was severely compromised. Also, ferrous iron
concentration in the medium decreased more with the wild-type strain than the mutant
and the iron content in the cytoplasmic fraction of the mutant was much lower than the
wild-type strain [20]. Together, these findings indicate that iron acquisition by specific
iron uptake systems relying on iron-specific receptor proteins serve as one possible
pathway for microbial iron homeostasis.

Reductive iron assimilation, the sequestration and subsequent reduction of
elemental iron (e.g., Fe** to Fe®") for later storage, serves as an alternative method for
iron acquisition in many organisms. It is important to note, however, that each system is
not an absolute requirement for survival. In fact, Schrettl and co-workers studied the
effects of deletions in the various iron acquisition systems in A. fumigatus to demonstrate
the adaptability of this highly opportunistic pathogen [17]. To test the requirement for
the reductive iron assimilation gene (AftrA) in a murine model, a comparison was
performed between the virulence of the wild-type strain and the otherwise isogenic AftrA
strain. Groups of mice were intranasally inoculated with doses (2 X 10° conidiospores)
of each strain. The AftrA mutant strain was as virulent as the wild-type, demonstrating

that reductive iron assimilation has little to no role in A. fumigatus virulence.

1.2.2 Siderophore-mediated iron acquisition
In contrast to iron-specific receptors and transporters, many invasive intracellular

pathogens, such as Mycobacterium tuberculosis, Aspergillus fumigatus, Bacillus



anthracis, Yersinia pestis, and Escherichia coli, obtain iron via an indirect process
involving the synthesis, secretion, and reuptake of small molecule iron chelators, under
iron-limiting conditions, termed siderophores [21-23]. Siderophores are structurally
diverse and contain a mixture of hydroxamates, catechols, carboxylates or phenols for
iron coordination. E. coli synthesize the prototypical aryl-capped siderophore
enterobactin, while M. tuberculosis synthesize the mycobactins (Figure 1.1).

Many species of gram-negative enteric bacteria such as E. coli, contain a ~24 kb
gene cluster encoding thirteen proteins that collaborate to synthesize, transport and
process their respective siderophores. For example, after the assembly of enterobactin,
the siderophore can compete successfully for Fe** binding against all known protein and
small molecule ligands, given its remarkably strong affinity for Fe** (Kp = 10 M) [24].
The Fe**- enterobactin complex is then imported through the outer-membrane
enterobactin-specific porin FepA, escorted through the periplasm by FepB and pumped
through the two-protein inner-membrane channel FepDG into the cytoplasm by FepC-
catalyzed ATP hydrolysis [25-27]. Liberation of Fe** from enterobactin requires
enzymatic degradation of its trilactone scaffold to three equivalents of DHB-Ser by the
esterase Fes before the tightly sequestered ferric iron can be transferred to intracellular
iron carriers [28]. The entire enterobactin system is under transcriptional control by the
iron-dependent repressor, Fur, which serves as a sensor for intracellular iron by
dissociating from its DNA-binding site when iron is scarce. Therefore, transcription of
the enterobactin synthesis, export and import genes is activated during low-iron

conditions and repressed when iron is abundant [12, 29].
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1.3 Siderophore biosynthesis
1.3.1 General characteristics

Siderophore biosynthesis has been under recent review as an alternative route for
antibiotic development against multi-drug resistant pathogens. These intense
investigations have revealed two operationally different mechanisms. The best
understood is the thio-templated assembly process catalyzed by nonribosomal peptide
synthetases (NRPSs) sometimes in conjunction with polyketides synthases, wherein the
biosynthetic chain intermediates remain attached to carrier domains during assembly
[30]. Additionally, many carboxylate- and hydroxamate-containing siderophores such as
aerobactin are synthesized by a non-templated route, utilizing freely diffusible
biosynthetic intermediates [31].

As expected, there are inherent differences among the siderophore biosynthetic
pathways. Despite these differences, the mechanisms of siderophore biosynthesis follow
the same fundamental enzymatic logic, which involves a series of elongating siderophore
intermediates on multimodular protein assembly lines. A substantial variety of
siderophore structures are produced from similar NRPS assembly lines. In fact, variation
can come in the choice of the phenolic acid selected as the N-cap, the modification of
amino acid residues during chain elongation, the mode of chain termination, and the
nature of the capturing nucleophile of the siderophore acyl chain being released. The
specific parts that get assembled in a given bacterium may reflect a combination of the
inventory of biosynthetic and tailoring gene clusters available. This modular assembly

logic can account for many known siderophores [22].



1.3.2 Hydroxamate-containing siderophores

To date, several hundred siderophores have been isolated and characterized that
vary considerably in chemical composition. In contrast to enterobactin, a separate class
of amphiphilic, hydroxamate-containing siderophores has recently been discovered [32].
This class of siderophore, with such examples as mycobactin (M. tuberculosis) and
ferrichrome (A. fumigatus), are unique in that they incorporate freely diffusible amino
acid substrates into the backbone of the siderophore. It has been demonstrated that once
mature, these siderophores not only confer virulence, but are also required for resistance
to oxidative stress, asexual/sexual development, iron storage and protection against iron-
induced toxicity in some organisms [33].

The biosynthesis of the phenolic-containing siderophore enterobactin involves
condensation, acylation and cyclization. However, the exact nature by which the
hydroxamate siderophores are synthesized is not as clear. Currently, there are two
proposed models by which hydroxamate siderophores are produced, which differ in the
final assembly of the macromolecule. Specifically, it has been proposed that depending
on the organism, that hydroxamate-containing siderophores are synthesized either
through the linking of several peptidic fragments or through the successive condensation
of subunits onto a single attachment location [34]. Depending on the organism, many
microbes produce more than one siderophore, including specific intra- and extracellular
forms. Because the individual steps of siderophore biosynthesis from a single organism
can vary greatly, it is difficult to assign a single enzyme to multiple pathways.

Although biosynthetic pathways can differ even within a single microbe, many

hydroxamate-containing siderophores depend on the action of a flavin adenine



dinucleotide (FAD)-dependent monooxygenase, which performs the first enzymatic step
in the biosynthetic pathway. This enzyme consumes NADPH and molecular oxygen to
insert a single oxygen atom onto the terminal amino group of either L-lysine or its one-
carbon derivative L-ornithine. The product from this reaction, containing a hydroxylated
amine, is then incorporated into the backbone of the siderophore, thereby allowing the
hydroxyl to directly coordinate ferric iron (Figure 1.2). Additionally, this enzyme is
utilized multiple times during siderophore biosynthesis (Figure 1.1). For example, three
molecules of L-ornithine are converted to their hydroxy-derivatives during ferrichrome

biosynthesis.
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Figure 1.2. Amino acid incorporation into hydroxamate-containing siderophores. MbtG
and Af SidA are flavoprotein monooxygenases that utilize FAD and NADPH as cofactors
to convert L-lysine to Lys-N°-OH or L-ornithine to Orn-N°-OH. The products of these
reactions are then incorporated into the backbone of the hydroxamate-based siderophores,
mycobactin (A) or ferrichrome (B). Upon maturation, these siderophores properly

coordinate ferric iron by means of their hydroxyl and keto-functional groups (C).
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1.4 Diseases associated with siderophore production and utilization

The ability of many pathogens to grow in their respective hosts, especially in iron-
limited extracellular spaces such as respiratory cavities, is dependent, in part, on their
ability to scavenge iron. Like many other pathogens, M. tuberculosis and A. fumigatus
synthesize and secrete siderophores and then specifically take up those complexed with
iron to meet their biological needs.

M. tuberculosis, the etiological agent of tuberculosis (TB) and A. fumigatus, the
causative agent of invasive aspergillosis (1A), are pathogens with serious impacts on
global public health. According to the World Health Organization, an estimated 1.6
million deaths resulted from tuberculosis infections in 2005 alone [35]. Moreover,
multidrug-resistant (MDR) tuberculosis is an emerging pandemic and the surfacing of
extensive drug-resistant (XDR) tuberculosis poses a new global threat [36, 37]. To
complicate matters, TB treatments require an intense regimen of antibiotics for up to six
months, which includes an inhibitor “cocktail” of isoniazid, rifampicin, pyrazinamide,
and ethambutol. Even still, there is a 2 — 3% relapse occurrence with this treatment.

IA is the most common cause of death due to fungal infections, occurring in up to
25% of transplant recipients or patients undergoing therapy for hematological
malignancies, and 3% of AIDS patients [38]. Typically, mortality associated with this
disease reaches up to 100%, due to difficulties with diagnosis and treatment [39].
Allergic bronchiopulmonary aspergillosis, an A. fumigatus-induced respiratory disease
usually found in hypersensitive individuals, can be life threatening and frequently occurs
in patients suffering from bronchial asthma, bronchiectasis, or cystic fibrosis [40, 41]. In

the United States in 1996, the cost of treating diagnosed cases of 1A was estimated at

12



$633 million, with each case costing approximately $64,500 [42]. Currently, there are
only two effective antifungal treatments against 1A, amphotericin B and the slightly less
effective itraconazole. At best, repeated doses of amphotericin B has only yielded
marginal benefit in some cases [43]. Because humans do not produce siderophores, these
iron chelators represent a new avenue for antibiotic development. Therefore, it is
essential to characterize the siderophore biosynthetic machinery to assist in the
development of new therapeutic strategies against several deadly pathogens, notably M.

tuberculosis, Y. pestis, and A. fumigatus.

1.5 L-ornithine N°-oxygenase as a novel drug target

It is clear that historically effective treatments against many diseases through the
inhibition of DNA replication, cell wall formation and protein synthesis are, and will
continue to be, ineffective against MDR pathogens. Therefore, a new methodology for
the treatment of these deadly diseases is urgently needed. In response, there are
laboratories currently investigating the inhibition of siderophore biosynthesis via an
enzyme-specific, mechanism-based approach. For example, Quadri and co-workers
recently investigated the inhibition of M. tuberculosis and Y. pestis, the causative agent of
the plague [44]. Their experimental rationale was to design small-molecule inhibitors
that block siderophore biosynthesis and as a result, bacterial growth and virulence under
iron-limiting conditions. These inhibitors would be powerful tools for elucidating the
relevance of siderophores at specific stages of infection because they could be used to
provide active control of siderophore production in animal models of bacterial infection

[44].
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During the biosynthesis of M. tuberculosis siderophores (MBTs) and Y. pestis
siderophores (YBTS), the domain salicylation enzymes, MbtA and YbtE, catalyze the
salicylation of an ArCP domain through a two-step reaction [32]. These enzymes are
homologous to EntE in enterobactin biosynthesis and catalyze the initial reaction in MBT
and YBT biosynthesis. Because MbtA and YbtE have no homologs in humans, they are
particularly attractive targets for the development of antibiotics that inhibit siderophore
biosynthesis [44]. Extensive studies lead to the discovery that the inhibitor 5’-O-(N-
salicylsulfamoyl) adenosine (salicyl-AMS) lead to the inhibition of salicylate adenylation
activity in both MbtA and YbtE. Furthermore, siderophore production assays showed
that salicyl-AMS decreased MBT production to virtually undetectable levels and YBT
production was inhibited by approximately five-fold relative to controls [44]. Thus,
salicyl-AMS is a promising initial lead compound for the development of new antibiotics
to treat tuberculosis and the plague.

Logically, only those enzymes essential for siderophore biosynthesis are the most
promising candidates as drug targets. As a result, Schrettl and co-workers demonstrated
that the L-ornithine N°-oxygenase in A. fumigatus, was required for both siderophore
production and virulence [38]. To test the requirement for siderophore-mediated iron
acquisition in A. fumigatus, a mutant strain with a deletion of the Af sidA gene was
constructed. Infection in a murine model was performed between the wild-type strain
and the otherwise isogenic ASIdA strain, identical to their AftrA mutant strain study. In
contrast to the AftrA mutant strain, mice inoculated with the AsidA mutant demonstrated
only modest weight loss and all those infected survived to the conclusion of the

experiment. Reconstruction of Af sidA resulted in restoration of virulence to wild-type

14



levels, demonstrating that the Af sidA gene is absolutely required for A. fumigatus
virulence. Furthermore, knockout mutants of the L-ornithine N5-oxygenases in
Pseudomonas aeruginosa and Burkholderia cepacia lead to attenuation of virulence in
these organisms because of their inability to synthesize siderophores [45-47]. Because
these L-ornithine N°-oxygenases are required for siderophore production and thus,
virulence, current research focuses on their biochemical and structural characterization

for possible therapeutic uses.

1.6 Af SidA is a flavin-dependent N-hydroxylating enzyme

Af SidA catalyzes the hydroxylation of the terminal amino group of L-ornithine.
The product of this reaction is then directly coordinated into the backbone of the A.
fumigatus hydroxamate siderophore, ferrichrome (Figure 1.2). The action of this enzyme
requires the use of a widely distributed biological cofactor, flavin adenine dinucleotide
(FAD, Figure 1.3). Flavoproteins are unique as biological catalysts in that they carry out
a wide variety of different biochemical processes. The redox capability of FAD allows
this cofactor to participate in a variety of reactions, including bioluminescence,
dehydrogenation, halogenation, isomerization, and oxygenation activation [48-53]. In
these reactions, the flavin cofactor exists in different redox states and its biochemical role
involves changing between these states. Moreover, access to these redox states allows
flavoproteins to participate in one-electron transfer and two-electron transfer reactions.
As a result, this capability sets FAD apart from enzymes which use other coenzymes, like
pyridine nucleotides, pyridoxal phosphate or thiamin pyrophosphate, each of which

involves a single type of chemical event [54].
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electron transfer reaction, yielding the neutral semiquinone (blue) or at high pH, the
anionic semiquinone (red). A second one-electron transfer to FAD yields the fully
reduced cofactor (white). Upon reduction, FAD reacts with molecular oxygen, forming

either the unprotonated C4a-peroxyflavin or the protonated C4a-hydroperoxyflavin.
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FAD is derived from riboflavin (vitamin By). It consists of a riboflavin group
bound to the phosphate group of an adenosine diphosphate molecule. Chemically, the
most important constituent of the flavin cofactor is the isoalloxazine ring. This three-
member ring is the location of electron transfer during redox reactions, as well as a site
for amino acid side chain binding. Although most flavoproteins contain a non-covalently
bound FAD (or FMN) cofactor, a large number have FAD covalently linked to the
polypeptide chain. Most covalent flavin-protein linkages involve a single attachment via
a histidyl, tyrosyl, cysteinyl or threonyl residue. However, some flavoproteins involve
linkages with a combination of two of these amino acids [55]. The variety of flavin-
dependent enzymes is due to the interaction of the isoalloxazine ring with the protein,
which requires fine tuning by well-chosen ligands. The isoalloxazine ring is
amphipathic: the xylene moiety is hydrophobic and prone to interact with hydrophobic
protein areas, whereas the pyrimidine ring is relatively electron-deficient and hydrophilic,
and is comparable with pyrimidine bases in its ability to form hydrogen bridges [54].

The study of the various oxidation states of the isoalloxazine ring of FAD is an
important diagnostic tool in the assignment of a kinetic mechanism to a specific
flavoprotein. As mentioned, FAD undergoes changes in its ox