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Abstract

Iron is an essential nutrient for most bacteria. Depending on the oxygen available in the
surrounding environment, iron is found in two distinct forms: ferrous (Fe'!) or ferric (Fe!!!).
Bacteria utilize different transport systems for the uptake of the two different forms of iron. In
oxic growth conditions, iron is found in its insoluble, ferric form, and in anoxic growth conditions
iron is found in its soluble, ferrous form. Enterobacteriacea, have adapted to transporting the two
forms of iron by utilizing the global, oxygen-sensing regulators, ArcA and Fnr to regulate iron
transport genes in response to oxygen.
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1. Introduction

Iron metabolism and oxygen sensing are closely linked in facultative anaerobic bacteria. In
the Enterobacteriacea, a group of gram-negative, facultative anaerobes, iron is required in
micromolar concentrations [1]. These bacteria, which include the major human pathogens
Shigella, Salmonella, Yersinia and pathogenic Escherichia coli, must be able to obtain iron
over a wide range of oxygen concentrations, from the anoxic state of the human colon, to
microoxic niches in other body sites, to highly oxic conditions in the external environment
[2-6]. Both the availability and oxidation state of iron are highly influenced by the amount
of oxygen in the environment. The ability of the bacterium to sense and respond to the levels
of both iron and oxygen have significant consequences in preventing either iron starvation or
iron toxicity.

Iron is a requirement for the activity of proteins or co-factors involved in a variety of
cellular processes. These include TCA cycle enzymes, electron transport chain, and oxygen
metabolism [7]. From an evolutionary perspective, the selection of iron for essential
functions was ideal. Iron is highly abundant, and before the introduction of oxygen to the
environment, iron was readily available in its soluble, ferrous (Fe!") form. Iron is an
excellent biocatalyst, due to its ability to adopt two stable valences, ferric and ferrous,
thereby giving considerable oxidation-reduction potential to iron-containing proteins [8,9].
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Once oxygen was introduced into the environment, iron was found more often in its
insoluble, oxidized ferric (Fe'!'") form. Therefore, bacteria evolved mechanisms for
solubilizing and transporting ferric iron into the cell. Iron acquisition is even more difficult
for bacteria inhabiting the human host, as iron in mammals is primarily found inside cells as
heme, metalloproteins or stored in ferritin [10,11]. The small amounts of extracellular iron
are tightly bound to carrier proteins such as transferrin, lactoferrin and hemopexin [10]. To
compete with their hosts for the available pool of iron, bacterial pathogens have evolved a
variety of systems for the acquisition and transport of the metal within the host as well as in
the external environment [8,12,13].

While iron is a necessity of the cell, excess iron is toxic, particularly if it is not bound to
protein or chelated, since it can act as a catalyst for the Haber-Weiss reaction, in which
highly reactive hydroxyl radicals are generated from peroxide and superoxide (Fig. 1). In
oxygen-rich environments, incomplete reduction of O, can lead to formation of superoxide
and peroxide. Superoxide can convert ferric iron to ferrous iron, and, in the Fenton reaction,
Fe2* reacts with peroxide to produce hydroxyl radicals and oxidize the iron (Fig. 1) [14, 15].
Hydroxyl radicals cause significant cell damage or death by damaging DNA, resulting in an
increase in spontaneous mutations, and by damaging unsaturated lipids and proteins [8]. A
variety of reactive oxygen species (ROS) are generated during aerobic metabolism, which
can cause oxidative stress in the cell. In addition to hydrogen peroxide, superoxide anion
and the hydroxyl radical described above, these reactive species include organic
hydroperoxides, nitric oxide, and singlet oxygen. Given the linkage between oxygen and
both iron availability and toxicity, it is not surprising that bacteria have linked the regulation
of iron transport to the amount of available iron and to the levels of oxygen in the
environment. In this review, we describe the major iron transport systems of enteric
pathogens and their regulation in response to varying levels of iron and oxygen encountered
by the enteric pathogens in the course of an infection.

2. Ferric Iron Transport

In oxygen rich systems, iron is primarily found in the insoluble ferric state. The
Enterobacteriacea, like many other bacteria, use low molecular mass compounds, termed
siderophores, to solubilize and transport iron [12]. Siderophores have extremely high
affinities (Kyg > 1039) for ferric iron [16] and in the enterics, these are usually catechols,
secondary hydroxamates or polyketide and non-ribosomal peptide compounds. The bacteria
synthesize these compounds and secrete them into the environment, where they bind free
ferric iron or sequester it from lower affinity chelates [16]. The iron-siderophore complexes
are then transported into the cell using outer membrane receptors that bind the ferri-
siderophores with high specificity (Fig. 2) [17]. Bacteria often express additional receptors
for siderophores that they do not produce, thereby using siderophores secreted by other
microorganisms to scavenge for iron. For example, E. coli produces the catechol siderophore
enterobactin, but it is also able to transport the fungal hydroxamate siderophore ferrichrome
[18].

The energy required to transport the ferri-siderophore across the outer membrane is provided
by the TonB-ExbB-ExbD complex (Fig. 2) which transduces the energy from the
electrochemical charge gradient of the cytoplasmic membrane to the outer membrane
receptor, allowing active transport of ferri-siderophore into the periplasm [2,3]. Once in the
periplasm, a periplasmic binding protein relays the iron-siderophore complex to a
cytoplasmic ABC-type transporter that delivers the ferri-siderophore into the cytoplasm
(Fig. 2) [16,19]. Iron is then removed from the siderophore by reduction or by siderophore
degradation [17,20,21]. Although the immediate fate of the released ferrous iron is
unknown, it must be rapidly sequestered to prevent damage to the cell.
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2.1 Siderophore Biosynthesis

Enterobactin—Enterobactin is a catechol siderophore produced by E. coli, Salmonella,
Shigella, and other enteric bacteria. It consists of a cyclic trimer of 2, 3-dihydroxybenzoy
serine (Fig. 3A) [16,22,23]. Six enzymes encoded by the entA,B,C,D,E,F genes produce
enterobactin from the precursor chorismate [24,25]. Chorismate is derived from the shikimic
acid pathway and is a precursor not only for enterobactin, but also for other aromatic
compounds such as quinones and aromatic amino acids [26]. Chorismate is converted to
isochorismate by isochorismate synthase, EntC [25]. Next, EntB, isochorismatase converts
isochorismate to 2, 3-dihydro-2, 3-dihydroxybenzoate [25], which is then converted to 2, 3-
dihydroxybenzoate (DHB) by EntA [25]. Finally, enterobactin synthase, a complex of EntD,
EntE, EntF and the bifunctional enzyme EntB, combines three molecules of DHB and three
serines to form enterobactin [25].

It is interesting to note that the isochorismate synthase, EntC, performs the same enzymatic
reaction as MenF [27]. Although both enzymes synthesize isochorismate, the EntC product
is channeled into enterobactin and the isochorismate produced by MenF is used for
menaquinone synthesis. Thus, an entC mutant is deficient for enterobactin synthesis but
produces menaquinone, while a menF mutant produces normal amounts of enterobactin
during iron starvation but lacks menaquinone [28]. When E. coli is growing anaerobically,
MenF activity is greatly increased and menaquinone synthesis increases under conditions
where enterobactin, and thus EntC, are less important [27].

Although the Ent proteins are sufficient for enterobactin production, the peroxiredoxin
AhpC enhances enterobactin biosynthesis [29], indicating a link between oxidative stress
and siderophore biosynthesis. AhpC is a member of the alkyl hydroperoxide reductase
system and catalyzes the reduction of organic hydroperoxides and hydrogen peroxide.
Studies in E. coli have shown that AhpC, which contains two active cysteines, operates as a
homodimer. In its oxidized state, C46 of one subunit forms a disulfide bond with C165 of
the other subunit. AhpC is reduced by AhpF, a flavoprotein reductase. The C46 of one
subunit of the reduced AhpC attacks the peroxide, thereby being oxidized to cysteine
sulfenic acid, and the C165 of the other subunit reduces the cysteine sulfenic acid and
regenerates the disulfide bond with the release of a water molecule [30,31]. C46 is necessary
for peroxide reductase activity, while a C146S mutant retains activity [30,31].

In E. coli, an ahpC mutant had reduced growth in iron-limiting medium, and this was linked
to a lower internal iron level and a reduction in the amount of DHB produced by the ahpC
mutant [29]. The reduced production of DHB was suppressed by providing entC on a multi-
copy plasmid indicating that the defect was in the biosynthesis of enterobactin [29].
Interestingly, not only was the reduction of DHB production suppressed by providing entC
on a plasmid, it was also suppressed by providing a mixture of aromatic amino acids and
para-aminobenzoate which, like enterobactin, are synthesized from chorismate. This
suggested that AhpC is either involved in the delivery of chorismate to the enterobactin
biosynthesis pathway or in maintaining an optimal concentration of chorismate inside E. coli
cells [29]. It is unknown whether or not AhpC peroxidase activity is directly involved in its
contribution to the efficiency of enterobactin production, but there is evidence that peroxide
stress influences the chorismate pool. Waters et al. [32] identified a small protein, MntS, that
may act as a manganese chaperone, and they showed that overproduction of MntS resulted
in an increase of entC expression when E. coli was grown with a high manganese
concentration. Gerstle et al. [33] showed that the RNA product of this gene, which they
named RybA, can function as a small regulatory RNA. RybA, down-regulates aromatic
amino acid biosynthesis under peroxide stress, which could increase the availability of
chorismate to other biosynthetic pathways, including enterobactin production. These data
suggest a link between peroxide stress and an increase in the chorismate pool or in EntC. An
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ahpC mutant, which should be more susceptible to peroxide stress, would be predicted to
have an increase in chorismate available for EntC, resulting in an increase in enterobactin
synthesis. However, Ma and Payne [29] showed that an E. coli ahpC mutant had reduced
production of enterobactin. Further, a mutant in which the cysteine at position 165 of AhpC
is changed to serine (C165S), had reduced enterobactin synthesis and failed to support wild-
type growth in iron-limiting medium, even though it retained peroxidase activity, indicating
that the effect of AhpC on enterobactin synthesis is not entirely mediated by peroxides [29].
Thus, it remains to be determined how AhpC participates in enterobactin biosynthesis and
how it relates to peroxide stress.

2.2 Salmochelin

Enterobactin is further modified by glucosylation in Salmonella species, Shigella
dysenteriae, and some E. coli, such as uropathogenic E. coli (Fig. 3B) [34,35]. These
modified catechols, termed salmochelins, and their transport proteins are the products of the
iroBCDEN genes. IroB glucosylates enterobactin and the resulting salmochelin is secreted
by IroC [34]. The other products of this locus are required for transport and utilization of the
siderophore [34].

The ability to produce salmochelin gives bacterial pathogens an advantage over their
mammalian host. Lipocalin-2, a protein produced by epithelial cells during inflammation
and found in granules of neutrophils, binds enterobactin, effectively sequestering the
siderophore from the bacteria [36,37]. However, lipocalin-2 cannot bind the glucosylated
enterobactin, giving salmochelin-producing pathogens an advantage in transporting iron
during infection of a mammalian host [38].

The production of either salmochelin or enterobactin helps protect Salmonella enterica
serovar Typhimurium from ROS. A mutant defective in enterobactin synthesis was more
sensitive to H,O, and to paraquat, which generates superoxide [39]. Transport of
enterobactin and its ability to supply iron to the cells was not required for protection, since a
siderophore transport mutant that still secreted enterobactin was resistant to both
compounds. The protective effect appeared to be specific for the catechol structure, and no
protection was observed with the non-catechol siderophores aerobactin and yersiniabactin
(described below). Achard et al. [39] showed that this resistance to ROS is important in
resisting the oxidative burst following uptake of S enterica by the macrophage. The
enterobactin synthesis mutant had lower survival than wild type in interferon gamma
(INFy)-treated macrophages at the early stage of infection.

2.3 Aerobactin

Although enterobactin is produced by many of the Enterobacteriaceae, the hydroxamate
siderophore aerobactin is commonly synthesized by enteric pathogens. Aerobactin has a
lower affinity for ferric iron than enterobactin, but the ability to produce aerobactin gives
selective advantage to pathogens in the host. Unlike enterobactin, aerobactin is not
sequestered by serum proteins in the host [40,41]. Production of aerobactin allows
pathogens to scavenge ferric iron without host proteins effectively diluting the levels of
siderophore they produce [40,42].

Aerobactin is a hydroxamate siderophore (Fig. 3C) that is biosynthesized from lysine and
citrate by the products of the iucABCD genes. [43,44]. lucD oxygenates lysine to
hydroxylysine [43,44], which is acetylated by lucB to form acetylhydroxylysine [43]. The
synthetase, containing lucA and lucC subunits, catalyzes the attachment of two
acetylhydroxylysine side chains to citrate, forming aerobactin [44]. Like ferri-enterobactin,
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the aerobactin-iron complex is transported back into the cell via a specific outer membrane
receptor and a periplasmic protein dependent ABC permease complex.

2.4 Yersiniabactin

Yersiniabactin, a siderophore first isolated from Yersinia enterocolitica, is distinct from the
catechol and hydroxamate siderophores and contains a phenolic group and thiazolidine and
thiazoline rings (Fig. 3D) [45,46]. Yersiniabactin was subsequently identified in Yersinia
pestis [47] and other enterics, including pathogenic E. coli [48-51] and Klebsiella [52].

Yersiniabactin is synthesized from salicylate, three cysteines and one malonyl moiety. Four
proteins, YbtE, HMWP2, HMWP1, and YbtU, are required for the synthesis of the
siderophore in an assembly-line process, in which the intermediates are tethered and passed
along multiple domains of the synthase complex [53-56]. HMWP2, a non-ribosomal peptide
synthase (NRPS) combines salicylate, activated by YbtE, and two cysteines to a
hydroxyphenyl-thiazolinyl-thiazolinyl (HPTT)-S-enzyme intermediate. The intermediate is
transferred to HMWP1, a mixed polyketide synthase/NRPS, which completes the synthesis
by addition of the malonyl group and condensation and heterocyclization of the final
cysteine residue. YbtU reduces the second thiazoline ring to thiazolidine [56].

Interestingly, yersiniabactin can bind copper at physiological concentrations and protects the
bacteria against copper toxicity [57]. Cu(ll)-yersiniabactin was isolated from the urine of
patients with acute E. coli urinary tract infections, indicating that the binding occurs in vivo.
Sequestration of copper by yersiniabactin prevents catechol-mediated reduction of Cu(ll) to
the more toxic Cu(l). Thus, siderophores not only provide iron to the bacteria but also play
roles in protection against ROS and metal toxicity during infection of the host.

3. Heme Iron Transport

Heme is the most abundant potential iron source for pathogens infecting mammalian hosts.
The bacteria may express receptors for free heme or for heme bound to hemoglobin or
hemopexin [58]. Additionally, some species, such as Serratia marcescensand Y. pestis
secrete hemophores, proteins that bind free heme or extract heme from hemoglobin and then
bind to hemophore receptors on the bacterial surface [59]. The transport of heme into the
cell is analogous to siderophore transport (Fig. 2). The TonB-dependent cell surface receptor
transports heme across the outer membrane to a periplasmic heme-binding protein, which
delivers heme to an ABC transporter for import into the cytoplasm [60,61].

4. Ferrous Iron Transport

4.1 Feo

In low oxygen environments or in the presence of reducing agents, iron is found primarily in
its reduced form, Fe!l. Most bacteria have systems to transport ferrous iron in these
environments. E. coli, Salmonella and Shigella generally use the Feo and Sit systems to
transport ferrous iron (Fig. 2).

The Feo transport system is found in most bacteria, and in the Enterobacteriaceaeit is
encoded by the feoABC operon [62—-64]. FeoB is a cytoplasmic membrane protein with
multiple membrane-spanning regions predicted to form the channel for iron transport. Its
structure is distinct from other characterized iron transporters, and it contains a G protein in
its cytoplasmic N-terminal region [65]. GTP binding and hydrolysis are essential for FeoB
transport function; a mutation in the GTP-binding site resulting in an inability to bind GTP
abolishes the ability to transport ferrous iron [65]. FeoA is a small cytoplasmic protein that
is required for FeoB-mediated iron transport [66,67] and in Salmonella may act through
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direct interactions with FeoB [66]. Kim et al. [68] showed that the binding of FeoC to FeoB
in S. enterica Typhimurium protected FeoB from proteolytic degradation by the FtsH
protease. This resulted in an increase in FeoB and increased iron transport through Feo in
low iron, low oxygen condition. FeoC, which has not been identified in all species that have
FeoB and is not highly conserved among those that do, is required for Feo iron transport in
Vibrio cholerae and interacts with FeoB [67]. However, FeoC was shown not to be required
in Yersinia [69].

The Sit ferrous iron transport system is encoded by sitABCD. This system is found in S.
enterica Typhimurium [70], all Shigella species [71] and some pathogenic E. coli [71], but
is generally absent from non-pathogens. An orthologous system named Yfe is found in
Yersinia pestis[72]. In S. enterica Typhimurium, the Sit transport system has been shown to
transport both iron and manganese [70,73]. Similarly, Sit transports ferrous iron in Shigella
flexneri [13], but has overlapping functions with the manganese transporter, MntH, in uptake
of manganese [74].

4.3 Ferrous iron transport and virulence

Both Feo and Sit have been shown to have roles in colonization or virulence of the enteric
pathogens. A feoB mutant of S. enterica Typhimurium was out-competed by the wild type
during colonization of the mouse intestine [75], and the Feo transport system was required
for full virulence in a susceptible strain of mice [76]. The Sit transport system is required for
replication of S. enterica Typhimurium inside macrophages and for full virulence in mice
[76]. The Feo and Sit transport systems are not redundant in S. enterica Typhimurium in that
both are required for full virulence, and combining the feo and sit mutations had an additive
effect on attenuation [76]. This could be due to differences in regulation or kinetics of the
systems, as well as differences in transport of manganese [76].

In S. flexneri, the Sit system appears to be critical for iron acquisition in the host. Shigella
spp. are intracellular pathogens, invading and replicating within human colonic epithelial
cells. These steps in pathogenesis can be reproduced in cell culture, and virulent Shigella are
able to form plaques in epithelial cell monolayers. Because S. flexneri has only three iron
transport systems that could be used in host cells, aerobactin synthesis and transport and the
Feo and Sit ferrous iron transporters [77], it was possible to make mutants in one or two
systems and test the ability of the mutant to use the remaining system for growth inside
human cells. A sit mutant was outcompeted by the wild type in epithelial cell monolayers
and had reduced virulence in a mouse lung model [77]. A feo mutant was able to invade and
multiply in cultured cells [71,78], but a mutant with only the Feo transporter (sitA, iucB
double mutant) was able to form plaques only if the cell cultures were maintained under
anoxic conditions [78]. This is consistent with iron being more prevalent in ferrous form in
the absence of oxygen. A sitA mntH double mutant of S. flexneri, which is defective in
manganese transport, was unable to survive in activated macrophage lines and was more
sensitive to hydrogen peroxide, suggesting that the Sit transport system may contribute to
survival of S flexneri in macrophages due to its ability to transport both iron and manganese
[74]. The transport of manganese by the Sit transport system [74,76] could facilitate the use
of the manganese superoxide dismutase, SodA, which would help protect the bacteria
against oxidative stress when the function of the iron-containing enzyme SodB is restricted
by lack of iron [79].

In Y. pestis, the Yfe (Sit) and Feo ferrous iron transport systems are both required for

efficient growth under static, low-oxygen conditions and for disease in a bubonic plaque
model [72]. The effects of mutations in these systems were additive, and the double mutant

J Inorg Biochem. Author manuscript; available in PMC 2015 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carpenter and Payne

Page 7

had a more severe phenotype in an experimental infection than either of the single mutants
[72]. Taken together, the results of studies on the role of ferrous iron transporters in
virulence of enteric pathogens suggest that ferrous iron transport is important in certain
stages of infection and that, although the Feo and Sit/'Yfe systems both transport ferrous
iron, they are not fully redundant.

5. Iron- and oxygen-regulated expression of iron transport systems

Iron transport systems are tightly regulated in response to the level of available iron. In
Enterobacteriacea, the primary regulator of iron transport genes is the ferric uptake
regulator, Fur [80-82]. Fur responds to the availability of iron in its regulation of iron
transport genes and in regulation of the non-coding small RNA, RyhB.

5.1 Response to iron: Fur and RyhB

The Fur protein acts as a transcriptional repressor of iron-regulated promoters, by binding as
a dimer to specific sequences upstream of the transcription start site [82]. The binding site,
or Fur Box, has been described as the palindrome YGATAATGATAATCATTATC? or as
smaller repeated or overlapping motifs that allow the binding of additional Fur dimers [83].
When iron levels are high, Fur binds Fe2* allowing its configuration to be appropriate for
binding to its DNA target sequences, thereby repressing transcription [82]. Fur regulated
genes include those for siderophore biosynthesis, siderophore-dependent ferric iron
transporters, and ferrous iron transporters [83-85]. In conditions of low iron availability, the
iron-regulated genes are derepressed due to displacement of Fe2* from Fur and its
subsequent release from target DNA sequences.

While the majority of iron-regulated genes are repressed by Fur, some genes were expressed
at lower levels in a fur mutant than in wild type, suggesting activation by Fur [83,86]. These
genes (e.g. acnA, bfr, ftnA, fumA, sdhCDAB, sodB) encode proteins that have iron or iron-
sulfur clusters [83,86]. Masse and Gottesman [87,88] discovered that a small non-coding
RNA, RyhB, repressed these genes, and Fur repressed RyhB (Fig. 4). Therefore, in
conditions of low iron, RhyB is expressed, and it reduces the expression of a number of
genes encoding iron-containing or iron-storage proteins, thereby freeing up iron for essential
processes.

Fur auto-regulates its own expression by binding to a Fur box overlapping the fur promoter,
repressing its transcription under iron-replete conditions [89]. The transcription of fur is also
regulated by the redox regulator, OxyR, which responds to oxidative stress [90]. After
activation by hydrogen peroxide, OxyR induces the transcription of a set of antioxidant
genes including ahpCF (alkylhydroperoxidase), katG (hydroperoxidase 1), gorA (glutathione
reductase), and grxA (glutaredoxin I) [91]. Because iron can cause the production of
hydroxyl radicals through the Fenton reaction, it is not surprising that OxyR induces the
transcription of fur during times of oxidative stress [90]. The increased production of Fur in
oxidative stress conditions results in the repression of iron transport genes and the reduction
of hydroxy| radicals via the Fenton reaction.

5.2 Response to oxygen: ArcA and Fnr

While iron transport genes are regulated primarily by the availability of iron in the
environment, their expression is also modulated by the amount of oxygen in the
environment via the transcription factors ArcA and Fnr. This allows bacteria to respond to
environments with differing oxygen levels or reducing agents, in order to utilize iron
transport systems according to the form of iron available.
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ArcA—ArcA is part of the ArcA/B two-component response regulator system and is the
regulator of aerobic and microaerobic metabolism [92,93]. The sensor kinase, ArcB, is a
membrane-anchored protein that autophosphorylates under anoxic or reducing conditions
and subsequently transfers the phosphoryl group to ArcA, thereby stimulating its DNA-
binding activity (Fig. 5). This results in repression or activation of genes involved in a
variety of catabolic pathways in response to redox growth conditions [94-99]. ArcB
activation and inhibition are linked to respiratory growth conditions by the utilization of
electron carriers, ubiquinone and menaquinone (Fig. 5), which differ in their abundance
under oxic and anoxic conditions [100,101]. Ubiquinone predominates in cells growing
aerobically and menaquinone is more abundant in anaerobically growing cells. ArcB
contains two cytosol-located redox-active cysteine residues that control the catalytic activity
of the protein. Under aerobic growth, ubiquinone oxidizes the two cysteine residues
resulting in intermolecular disulfide bond formation which silences the ArcB kinase activity
preventing the activation of ArcA [100,102]. Recently, it has been suggested that during a
switch from oxic to anoxic conditions or in microaerobic growth, menaquinones reduce the
cysteine residues of ArcB causing the disulfide bonds to break, resulting in activation of
ArcB kinase activity and subsequent activation of ArcA [101,102].

Fnr—Fnr is the major regulator of anaerobic metabolism. Fnr regulates many genes with
differing functions, such as respiratory enzymes, transmembrane substrate carriers, enzymes
involved in anaerobic catabolism or fermentation, and genes involved in biosynthetic
pathways [103]. Fnr is a cytoplasmic sensor-regulator that contains an oxygen-responsive
[4Fe-4S] cluster. Fnr binds specifically to DNA as a dimer under anoxic conditions, and
exposure to oxygen results in the loss of its DNA-binding activity (Fig. 5) [104-106]. Fnr is
inactivated by oxygen through oxidation of the [4Fe-4S] iron-sulfur cluster in the dimer to a
[2Fe-2S] cluster. This favors the the monomeric form of the protein which is unable to bind
DNA (Fig. 5) [104-106].

There is often an overlap in the genes regulated by ArcA and Fnr. This overlap allows
maximum expression of genes under the appropriate conditions. For example, the cydAB
operon, encoding the terminal oxidase of the oxygen respiratory chain, is induced by ArcA
and repressed by Fnr under microoxic conditions [107,108].

6. Regulation of iron uptake systems in response to oxygen

Both ArcA and Fnr have been shown to regulate the expression of iron transport systems
(Fig. 6). Boulette and Payne [78] showed that in response to oxic environments, S. flexneri
repressed the expression of the ferrous iron transporter feo, while inducing the aerobactin
biosynthesis and transport genes iucABCD and iutA. In anoxic conditions, the opposite was
observed, induction of feo and repression of iuc. S. flexneri employs the transcription factors
ArcA and Fnr to differentially regulate its iron transporters in response to oxygen levels (Fig
6) [78]. In low oxygen, ArcA and Fnr act additively to activate feo in S. flexneri, while ArcA
represses the iuc siderophore genes (Fig 6). ArcA binds to specific sequences in the S
flexneri feo and iuc promoters. The ArcA binding site in feo is upstream of the predicted
transcription start site, while it is downstream in iuc [78]. The difference in the positioning
of ArcA relative to the polymerase binding site may explain activation of expression of one
operon (feo) but repression of the other (iuc). Similarly, in E coli, Fnr was shown to induce
the feoABC promoter under anoxic conditions [63]. A putative ArcA binding site was also
identified upstream of the feo operon, but the feo transcript was not derepressed in an arcA
mutant, suggesting that factors other than ArcA are involved in anaerobic regulation of feo
in E. coli [98]. Transcription from the Y. pestis feo promoter was not affected by mutations
in either arcA or fnr and the levels of feo expression were similar when the bacteria were
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grown aerobically or statically [72]. However, under oxic conditions, regulation by Fur was
lost and feo expression was the same in the presence or absence of Fur [72].

In addition to binding and repressing the iuc and feo promoters, ArcA was found to bind to
the fur promoter of S. flexneri and repress fur expression under anoxic conditions. ArcA
regulation of fur was also observed in E. coli. There is an ArcA binding site upstream of fur,
and the fur transcript was derepressed in an arcA deletion strain of E. coli [98].

Somewhat surprisingly, the sit genes were induced aerobically in S. flexneri [78] and
Salmonella [109], even though they encode a ferrous iron transporter. Induction of the S
flexneri sit genes required ArcA, but ArcA binding to the promoter was not observed,
suggesting that the effect was indirect [78]. Induction of the S. flexneri sit operon was also
observed when the bacteria are growing intracellularly [110,111], and as noted above, the
Sit transporter is required for optimal intracellular growth. These observations suggest that
the sit operon is expressed under conditions where oxygen is present, but iron is in the
ferrous form, an environment that is likely found in the cytoplasm of the eukaryotic cells
that Shigella inhabits. Thus, the up-regulation of sit gene expression noted upon S. flexneri
entry into epithelial cells indicates an adaptation to a microoxic environment in which iron is
limiting, but the available iron is ferrous, rather than ferric [78,111]. The expression of the
sit genes in the intracellular environment may also reflect their role in manganese transport,
since sit expression is regulated by the manganese response regulator MntR in both
Salmonella [109] and Shigella [74]. Salmonella and Shigella would be able to use the
imported manganese to increase their ability to survive under oxidative stress, particularly in
macrophages [112].

The effects of oxygen on iron transport systems appear to operate primarily at the level of
transcription, but oxygen may also influence the activity of iron transport proteins. In
Klebsiella pneumoniae, the FeoC protein contains a [4Fe-4S] cluster, which degraded to
[3Fe-4S] upon exposure to oxygen [113]. The presence of an oxygen-sensitive iron-sulfur
cluster might allow FeoC to serve as an oxygen sensor for regulation of Feo activity. This
model would not apply to FeoC in all species, since the V. cholerae FeoC is required for Feo
iron transport but has no cysteines for binding an iron-sulfur cluster.

7. Conclusions

Iron is an essential element for most bacteria, and bacteria have developed systems for
transporting both ferrous and ferric forms of iron. The regulation of iron transport systems
has been linked both to iron regulators, Fur and RhyB, and to aerobic and anaerobic
regulators, including ArcA and Fnr. By using both iron and oxygen responsive regulators,
bacteria can optimize their transport of iron while minimizing the potential damaging effects
of Fenton radicals.
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Figure 1.
Fenton chemistry. Iron (Fe) catalyzes the production of highly reactive hydroxide radicals
(*OH) from superoxide anion (*O,-) and hydrogen peroxide (H205).
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@ Fe*

Outer membrane

Figure 2.

Iron transport systems. Outer membrane receptors (R) specifically bind the ferri-siderophore
complexes and transport them across the outer membrane using energy provided by the
TonB-ExbB-ExbD complex. Heme is also bound by a specific outer membrane receptor and
transported across the outer membrane using energy provided by the TonB-ExbB-ExbD
complex. Once in the periplasm, ferri-siderophore or heme is bound by a periplasmic
binding protein (PBP) and delivered to a cytoplasmic ABC-type transporter which delivers it
to the cytoplasm. Ferrous iron is transported into the cell by either the Sit or Feo systems,
which are located in the inner membrane. It is unknown how free ferric and ferrous ions
cross the outer membrane.
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Structure formulas of (A) Enterobactin, (B) Salmochelin S4, (C) Aerobactin, and (D)

Yersiniabactin.
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Iron transport
genes — Fe-Fur
RyhB

Genes encoding
proteins that
require iron

Figure 4.
Fur- and RyhB-mediated regulation of iron-regulated genes. In iron-replete conditions, Fur

represses genes for iron transport systems, including feo and ent genes, and the small non-
coding RNA, RyhB. RyhB expression results in reduced levels of proteins such as aconitase
and SodB that contain iron or iron-sulfur clusters. Thus, Fur and RyhB function together to
balance the demands for iron in the cell.
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Figure5.

Activities of regulators ArcA and Fnr. Under oxic conditions, ubiquinones oxidize the
cysteine residues of ArcB resulting in intermolecular disulfide bond formation and
inactivation of ArcB kinase activity. Under microoxic conditions or upon a shift from oxic
to anoxic conditions, the ubiquinone pool is replaced by meniquinones, which reduce the
cysteine residues of ArcB resulting in breakage of intermolecular disulfide bonds and
activation of ArcB kinase activity. ArcB kinase then phosphorylates and activates ArcA.
The phosphorylated ArcA binds to target DNA sites to repress or activate transcription.
During aerobic metabolism, the iron-sulfur cluster of Fnr is oxidized which prevents Fnr
from forming an active homo dimer. During anaerobic metabolism, the iron-sulfur cluster is
reduced resulting in the formation of the active complex and binding to target DNA sites.
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Figure6.

ArcA, Fnr and Fur-mediated regulation of iron transport genes in S. flexneri. The ArcA
protein represses the transcription of fur and iuc genes, and induces the transcription of feo,
in anoxic conditions. sit expression is low in an arcA mutant growing aerobically,
suggesting that ArcA induces transcription of sit in oxic conditions. The Fnr protein induces
the transcription of feo in anoxic conditions. All of the iron transport system genes and fur
are repressed by Fur when iron is present. Arrowhead = induction, Bar = repression. Dashed
line = effect determined by comparing gene expression aerobically and anaerobically in an
arcA mutant but direct activation has not been shown.
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Table 1
Gene Rolein Iron Transport
tonB, exbB, exbD Provides energy for siderophore or heme transport across the outer membrane
entABCDEF Enterobactin production
ahpC Enhances enterobactin production
fepABCDE Enterobactin transport
iroB Glucosylates enterobactin
iroCDEN Salmochelin transport
iucABCD Aerobactin production
iutA Aerobactin outer membrane receptor
fhuCDB Aerobactin periplasmic ABC permease

ybtE, HMWP1, HMWP1, ybtU

Yersiniabactin production

feoABC Ferrous iron transport
sitABCD Ferrous iron and manganese transport
yfe Ferrous iron and manganese transport
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