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Abstract Siderophores are biosynthetically pro-

duced and secreted by many bacteria, yeasts, fungi

and plants, to scavenge for ferric iron (Fe3?). They are

selective iron-chelators that have an extremely high

affinity for binding this trivalent metal ion. The ferric

ion is poorly soluble but it is the form of iron that is

predominantly found in oxygenated environments.

Siderophore uptake in bacteria has been extensively

studied and over the last decade, detailed structural

information for many of the proteins that are involved in

their transport has become available. Specifically,

numerous crystal structures for outer membrane sidero-

phore transporters, as well as for soluble periplasmic

siderophore-binding proteins, have been reported.

Moreover, unique siderophore-binding proteins have

recently been serendipitously discovered in humans,

and the structures of some of their siderophore-

complexes have been characterized. The binding

pockets for different ferric-siderophores in these

proteins have been described in great molecular detail.

In addition to highlighting this structural information,

in this review paper we will also briefly discuss the

relevant chemical properties of iron, and provide a

perspective on our current understanding of the human

and bacterial iron uptake pathways. Potential clinical

uses of siderophores will also be discussed. The

emerging overall picture is that iron metabolism plays

an extremely important role during bacterial infections.

Because levels of free ferric iron in biological systems

are always extremely low, there is serious competition

for iron and for ferric-siderophores between pathogenic

bacteria and the human or animal host.
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The interplay between iron chemistry and its role

in metabolism

Iron is one of the most abundant elements in the crust of

the earth. It can exist in two oxidation states but in the

presence of high concentrations of oxygen it is

exclusively present in the ferric (Fe3?) form, which

is not highly soluble. The ferrous (Fe2?) ion has a much

better solubility, but it only exists under anoxic

conditions or at very low pH. In aqueous solution

iron can spontaneously become involved in Fenton

chemistry, where toxic hydroxyl radicals are generated
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that would seriously harm a living organism. In spite of

these two serious limitations all living organisms on

earth, with the exception of a few specific bacterial

strains, have an absolute requirement for iron to

survive and to thrive. Several essential and highly

conserved enzymes, such as the ribonucleotide reduc-

tases that produce deoxyribonucleic acids (DNA),

require iron to carry out their function. Other well-

known proteins such as hemoglobin and myoglobin

utilize the same element to bind and transport oxygen

in blood and muscle cells, respectively. As part of the

cytochrome and cytochrome oxidase systems, iron also

plays a major role in the generation of energy by

mitochondria and bacterial cells (Crichton 2009).

When it is bound to a protein the iron can be

incorporated in prosthetic groups such as iron-sulfur

clusters or the characteristic heme group, while other

proteins such as transferrin can bind the metal ion

directly. To fulfill their needs for iron all living

organisms have their own dedicated highly specialized

systems to solubilize, transport and store ferric or

ferrous iron. Moreover, within a living organism as

well as within a living cell, iron is always sequestered

by proteins or other ligands in order to maintain

solubility and to prevent the accidental formation of

toxic radicals.

How do we acquire and control the levels of iron?

Humans and animals obtain iron directly from their

diet. The metal ion is taken up in the ferrous form by the

divalent metal ion transporter (DMT) proteins in the

gut. However, after it enters the bloodstream, where

oxygen is prevalent, it is converted to the ferric form. In

serum the Fe3? is normally bound tightly by the

circulating transferrin protein, which can deliver the

metal ion into cells that have a high demand for iron by

binding to specific cell-surface transferrin receptors.

Internalization of the transferrin receptor protein–

protein complexes into endosomes allows for the

intracellular release of iron and at the same time this

process is extremely efficient as it also gives rise to the

recycling of the receptor protein on the cell surface as

well as the re-release of transferrin into the blood-

stream (Crichton 2009). By far the largest amount of

iron in our bodies is found in hemoglobin in circulating

red blood cells. At the end of their lifespan the

erythrocytes are consumed by macrophages and these

carefully recycle the iron. As such, our daily require-

ments for iron are quite low and we only need to take up

a few mg per day. The major storage for iron in our

body is found in the liver, where the metal ion is stored

in an insoluble form inside the multi-subunit ferritin

protein (Harrison and Arosio 1996). The process of

iron uptake and release from the hepatic or macrophage

storage sites has to be carefully regulated. In some

individuals, the iron uptake process is poorly con-

trolled which can lead to iron overload diseases such as

hereditary hemochromatosis. Conversely when there is

not enough iron taken up from the diet some people can

suffer from anemia. The recently discovered peptide

hormone hepcidin plays an intricate role in orchestrat-

ing the regulation of iron uptake and release in our

bodies. Hepcidin was originally purified as an antimi-

crobial peptide that is synthesized and secreted by the

liver; later studies with knock-out mice revealed its

essential role as the major control mediator for iron

metabolism (Ganz 2003). Hepcidin has been found in

all mammals, in amphibians and in some species of

fish. This 25-residue peptide has an unusual highly

disulfide crosslinked beta hairpin structure, which

seems to be similar in human and fish hepcidin (Hunter

et al. 2002; Lauth et al. 2005). There is still a debate

about the exact positioning for two out of the four

disulfide linkages (Jordan et al. 2009), but this only has

a minor impact on the overall structure and this

difference occurs in a region that seems to be removed

from the ‘active site’ of hepcidin (Nemeth et al. 2005).

Hepcidin acts by binding directly to ferroportin, the

membrane transporter protein that is responsible for

releasing iron from cells. In doing so hepcidin causes

the internalization and degradation of the ferroportin

and subsequently these cells, such as the macrophages,

hepatocytes and enterocytes, are no longer able to

release iron from intracellular stores (Nemeth et al.

2004). Clearly the uptake of iron is strictly controlled to

maintain the level of iron in the body. The recent

advances in understanding hepcidin action are likely to

be translated into improved diagnostic and therapeutic

modalities in the near future (Anderson et al. 2009).

Bacterial iron uptake and storage

The vast majority of the bacteria also need to acquire a

substantial amount of iron to survive. In the environ-

ment bacteria are faced with the problem that the iron
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concentration in water is extremely low and that the

iron in the soil is present in an insoluble form. To

overcome these barriers many bacteria can synthesize

‘siderophores’ which are chelators that are specific for

binding Fe3? (van der Helm et al. 1987; Neilands 1995;

Raymond et al. 2003). The siderophores, which are

named after the Greek word for iron carriers, bind this

relatively ‘‘hard metal ion’’ with great avidity; con-

versely they have a much lower affinity for Fe2?, which

is from a chemical perspective, a much ‘‘softer metal

ion’’. Dissociation constants of better than 10-20 M

have been reported for many of these iron-chelating

agents. Siderophores are also produced and secreted by

yeast, fungi and many plants; in fact numerous

bacteria, including Escherichia coli, are quite oppor-

tunistic as they can utilize fungal siderophores, such as

ferrichrome, in addition to the enterobactin and related

compounds that they produce themselves. Most sid-

erophores are biosynthetically produced by large

multienzyme synthases that resemble the eukaryotic

fatty acid synthases (Crosa and Walsh 2002; Barry and

Challis 2009; Chan and Vogel 2010). They often have a

peptidic backbone, with modified amino acid

side chains creating the iron-coordinating ligands,

such as the catecholate, hydroxamate and hydroxy-

carboxylate groups (see Fig. 1). Each group provides

two oxygen ligands in a fixed orientation, and a total of

six ligands normally surrounds the ferric iron in an

octahedral fashion.

Also pathogenic bacteria that need to proliferate

within a host enter an environment where the free iron

concentration is extremely low. Nevertheless, the high

affinity of the secreted siderophores allows them to

compete for the iron against host proteins such as

transferrin and hemoglobin. Once a siderophore is

transported inside the bacterial cell, the iron is released

from the siderophores by the action of dedi-

cated enzymes that carry out the reduction of sidero-

phore-bound Fe3? to Fe2? (Matzanke et al. 2004);

alternatively proteolysis of the backbone of some

siderophores has also been reported. Once released,

intracellular Fe2? can be incorporated directly into

metallo-enzymes, or if there is an excess, it is stored in

bacterioferritins or in the related Dps proteins (Chian-

cone et al. 2004). After the bacteria have accumulated a

sufficient amount of iron from their environment,

further uptake is shut down through the action of the

Fur repressor protein, which in its iron-saturated form,

blocks the biosynthesis of the bacterial iron transport

systems. The Fur protein has been extensively studied

and it has a surprisingly broad regulatory action (for a

recent review see Carpenter et al. 2009). Some

pathogenic bacteria have adapted themselves even

further towards the environment in the host and instead

of siderophores they can actually use heme as an iron

source, or they have receptors for transferrin that can

extract the Fe3? directly from this protein (see Fig. 2;

Braun and Killmann 1999; Cescau et al. 2007;

Krewulak and Vogel 2008).

Iron uptake in Gram-negative and Gram-positive

bacteria: TonB or not TonB?

Gram-negative bacteria are surrounded by two sepa-

rate membranes; the space between the outer and the

inner membranes is called the periplasm and this

compartment can make up to 30% of the volume of

the bacterial cell. The dual membrane protects Gram-

negative bacteria from degradative enzymes released

by the host. However, this arrangement of the

bacterial cell envelope creates problems for the

transport of nutrients into the cytoplasm of the cell.

Nutrients such as glucose, amino acids or phosphate

are small enough that they can pass directly through

the small pores in the bacterial outer membranes that

are created by the porin proteins. However, the ferric-

siderophores and heme groups are too large to pass

through the porins and hence, they require their own

dedicated outer membrane transporters. All outer

membrane transporters (OMTs) that are involved in

the uptake of iron are made up of a 22-stranded beta

barrel structure (see Fig. 3). The barrels are occluded

by the presence of a *160 residue independently

folded ‘cork’ or ‘plug’ domain and the siderophore

binds on top of this domain (Ferguson et al. 2002; for

a recent review see Noinaj et al. 2010). In order to

move the ferric–siderophore complex into the peri-

plasmic space, the cork has to be at least partially

dislodged from the interior of the beta-barrel OMT

structure (see Fig. 4). The energy for this process is

provided by the TonB protein, which can span the

entire periplasm. Together with the ExbB and ExbD

proteins that are anchored in the cytoplasmic mem-

brane, it harvests the energy from the gradients across

the inner membrane (Krewulak and Vogel 2008;

Postle and Larsen 2007). Despite years of research,

the molecular details of the action of TonB on the
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TonB-dependent OMTs are still unclear. Several

solution and crystal structures have been reported

for TonB, as well as for the periplasmic domain of

ExbD, but these have not yet revealed the molecular

details of the action of the TonB system (Peacock

et al. 2005; Pawelek et al. 2006; Lopez et al. 2009;

Garcia-Herrero et al. 2007). A bioinformatic analysis,

surveying all sequenced bacterial genomes, revealed

that all Gram-negative bacteria have one or more

TonB proteins, that are characterized by a carboxy-

terminal region with a conserved fold (Chu et al.

2007; see Fig. 5). Gram-positive bacteria do not have

an outer membrane and, as expected, they do not

appear to have the genes for OMTs or for the three

proteins of the TonB system. Iron withholding has

long been known to be a clinically useful treatment to

combat bacterial infections (Weinberg 1984). Since

the uptake of all ferric siderophores, heme or trans-

ferrin-derived iron are all mediated by specific TonB-

dependent OMTs (see Fig. 2), the TonB system

presents itself as a potential target for the development

of new antibiotics aimed at Gram-negative bacteria.

Fig. 1 Crystal structures of three representative siderophores:

enterobactin, ferrichrome and staphyloferrin A are depicted

without (left side) and with Fe3? bound (right side).

Ferrichrome (a and b), a hydroxamate type siderophore, is

produced by the fungus Ustilago sphaerogena. Enterobactin

(c and d), a catecholate-type siderophore, is produced by

numerous Gram-negative bacteria including E. coli. Staphylo-

ferrin A (e and f), an a-hydroxy carboxylate type siderophore is

produced by Staphylococcus aureus
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Once the ferric-siderophores have been transported

into the periplasmic space by the OMTs and TonB,

they are ready to be transported into the cytoplasm.

This process is initiated by periplasmic siderophore-

binding proteins (Clarke et al. 2000, 2002). These

proteins have a characteristic structure, where the

ferric-siderophore is bound between two indepen-

dently folded domains. The siderophore-binding pro-

teins form a unique class of periplasmic-binding

protein that have a rather distinct arrangement of the

two lobes of the protein, when compared to the

periplasmic proteins that are involved in the transport

of amino acids or phosphate for example (Krewulak

et al. 2004) (see Fig. 6). In their siderophore-bound

state these proteins dock onto the periplasmic face of

cognate ABC-transporters in the inner membrane,

Subsequently, these helical proteins mediate the

transport of the siderophores into the cytoplasm in an

ATP-dependent process (see Fig. 3). Several crystal

structures have been reported for the bacterial cyto-

plasmic membrane vitamin B12 uptake system, which

is homologous in sequence, design and function to the

siderophore transporters (Lewinson et al. 2010). It

should also be noted that the uptake system for

siderophores in Gram-positive bacteria closely resem-

bles the ABC transport systems found in the inner

membrane of Gram-negative bacteria; the only differ-

ence is that the siderophore-binding protein is

anchored to the cell membrane, but its overall structure

is very similar (see Fig. 6) (Grigg et al. 2010).

Fig. 2 Schematic diagram of iron, heme and siderophore

uptake in Gram-negative bacteria. Transferrin and lactoferrin

deliver iron, while hemoglobin, hemopexin and selected

hemophore proteins deliver heme, to their specific OMT in

the outer membrane. Interaction of the TonB protein with the

OMT unplugs the barrel of the OMT, allowing free iron, heme

or siderophores to enter the periplasmic space. A periplasmic

binding protein carries each to their cognate ABC transporter

complex that uses ATP hydrolysis to internalize the iron source

Fig. 3 A representation of the siderophore uptake pathway in

E. coli using ferric-enterobactin (FeEnt) transport as an

example (see text for details)
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Iron, siderophores and the innate immune system

of the host

How do we defend ourselves against an invading

pathogen? Even though we are constantly surrounded

by bacteria that land on our skin and that get into our

lungs, it is rare that we become infected. Our bodies

produce a large array of host-defense and antimicro-

bial proteins and peptides that are part of the innate

immune system. Together these proteins and peptides

usually manage to keep these bacteria at bay.

Examples include the ubiquitous lysozyme, which

was the first antibacterial discovered by Sir Alexan-

der Fleming in 1922; we now know that this enzyme

directly attacks the bacterial cell wall of Gram-

positive bacteria (Fleming 1922). Also the defensins

are a group of small amphipathic cationic proteins

that can selectively disrupt bacterial membranes and

stimulate the host immune system (Yang et al. 2007).

Intriguingly, however, several of the host-defense

proteins interfere with the ability of bacteria to

acquire iron. In particular, the protein lactoferrin can

be released by circulating neutrophils in our bodies at

sites of infection (Legrand et al. 2008; Valenti and

Antonini 2005). Lactoferrin, which was originally

discovered as an iron-binding protein in milk, is quite

similar to the serum transport protein transferrin

(Baker et al. 2002), but it binds Fe3? even more

tightly, thereby making the metal ion locally unavail-

able for bacteria. It has also been shown that the

extremely low iron concentrations that are created by

the presence of lactoferrin, prevent bacteria from

aggregating with each other and forming biofilms

(Singh et al. 2002); by keeping the bacteria in a

planktonic state they are more susceptible to endog-

enous and exogenous antimicrobial compounds.

Likewise lipocalin proteins are also secreted by

neutrophils in the host at sites of infection; these

proteins were recently shown to avidly bind various

Fig. 4 FhuA outer membrane transporter (OMT) without (a;

PDB 2FCP) and with (b–d; PDB 1FCP) bound ferrichrome.

Residues 1–160 representing the cork domain are colored in

green. b Side-view with ferrichrome sitting within the barrel of

FhuA and on-top of the cork domain; c slab view revealing the

cork domain; and d top–down view showing the structural

‘plugging’ of the FhuA barrel by the cork domain

Fig. 5 Various TonB C-terminal domain (CTD) protein struc-

tures. a An overlay of the E. coli TonB-CTD NMR solution

structure (blue; PDB 1XX3) and X-ray crystal structure

(magenta; PDB 1U07) that makes minimal dimeric contacts

through its extended b3-strand (RMSD1-233 of 1.153 Å). b An

X-ray crystal structure (PDB 1IHR) of E. coli TonB-CTD in a

domain swapped dimer conformation (PDB 1IHR) with chains

A and B shown in light and dark blue, respectively. NMR

solution structures of c E. coli TonB C-terminal domain (CTD)

and d Vibrio anguillarum TonB2 CTD (PDB 2K9K). The

primary differences between the two proteins are the lengthened

loop 3 between a2-helix and b3-strand and the absence of the b4-

strand in the V. anguillarum TonB2 CTD
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ferric–siderophore complexes, thereby again directly

preventing the bacteria from obtaining iron, by

scavenging the bacterial iron-chelating entities

(Goetz et al. 2002; Flo et al. 2004). It is interesting

to note that this discovery was made, when ferric–

siderophore complexes unintentionally co-purified

with lipocalin proteins that were recombinantly

expressed in E. coli. Also the distinct class of the

tear lipocalins can bind various ferric-siderophores

(Fluckinger et al. 2004). Because of this newly

discovered function, where these proteins are now

known to strongly bind ‘sidero’-phores rather than

hydrophobic (‘lipo’) compounds, many researchers

are now calling these proteins ‘siderocalins’ (see

Fig. 7). In fact, several researchers have suggested

that some bacteria may have recently escalated the

fight by covalently attaching glucose to some of the

bacterially-secreted siderophores; this modification

does not alter their high affinity for Fe3? or their

uptake in bacteria, but it prevents them from binding

to the host siderocalins (Hantke et al. 2003; Bister

et al. 2004; Fischbach et al. 2006). Thus the bacteria

that can chemically modify their siderophores in this

manner, not only make them more soluble, but they

cleverly evade the host-defense response. As such,

these specific compounds are sometimes referred to

as ‘stealth-siderophores’ (Hider and Kong 2010).

Finally, it is important to realize, that bacterial

infections also give rise to increased hepcidin

biosynthesis in the liver. The increase in the serum

concentration of the hepcidin peptide hormone

directly blocks iron uptake by the gut and prevents

the release of iron from iron stores in the liver and the

macrophages into the circulatory system. This results

in significantly decreased levels of iron in the

bloodstream during a bacterial infection, an effect

clinically known as ‘‘anemia of infection’’ (Ganz

2003, 2006). Obviously, to fend off invading bacteria,

our bodies try to create a hostile environment, which

includes a low iron concentration and release of

ferric-siderophore scavenging proteins, to prevent the

pathogens from growing and multiplying. This ‘battle

for iron’ is now considered as an integral part of the

innate immune response. The corollary to this is that

if we can design new compounds that block bacterial

iron uptake directly, for example by interfering in the

TonB system in Gram-negative bacteria, we emulate

this natural situation. Such a strategy could clearly be

advantageous, as our immune systems are already

well prepared to deal with this condition.

Clinical use of siderophores and related

iron-chelators

Patients that suffer from the disease thalassemia

major (also known as b-thalassemia) have a genetic

defect in the biosynthesis of hemoglobin, which leads

to the production of non-functional erythrocytes.

These people suffer from severe anemia and to

overcome this lethal deficiency they require addi-

tional healthy red blood cells, hence they are treated

with frequent blood transfusions. As our bodies have

a poor capacity for secreting excess iron, these

patients quickly start to suffer from a significant iron

Fig. 6 Structures of siderophore binding proteins from Gram-

negative (in blue on the left) and Gram-positive (in green on
the right) bacteria. Figures a and b are representative SBPs that

bind catecholate-type siderophores; while c and d bind

hydroxamate-type siderophores; and e and f have arginine-

rich binding pockets which in the case of f binds an a-hydroxy

carboxylate type siderophore. a CeuE (PDB 2CHU) complexed

with MECAM (chain A and B in light and dark blue,

respectively); b FeuA (PDB 2WHY) complexed with bacillib-

actin; c FhuD (PDB 1EFD) complexed with gallichrome;

d BSU3320 (PDB 3G9Q) depicted in its apo-form is

hypothesized to bind ferrichrome; e FitE (PDB 3BE6) in its

apo dimeric form (chain A and B in light and dark blue,

respectively); and f HtsA (3LI2) complexed with staphyloferrin
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overload, which, if left untreated, can cause serious

damage to various organs. Consequently they have to

be routinely treated with iron-chelation therapy to

remove the excess iron. For more than 40 years the

preferred treatment has been the administration of the

siderophore desferrioxamine B (also known as defer-

oxamine, DFO or desferal). This compound binds

Fe3? tightly in serum and promotes its secretion into

the urine. Desferrioxamine is produced by Strepto-

myces pilosus and like most siderophores, this

molecule provides three bidentate ligands to prefer-

entially bind ferric iron. While Fe3? has a strong

preference for a six-coordinate ‘octahedral’ surround-

ing, especially if it is made up mostly of oxygen

atoms as the ligands, other metal ions such as Zn2?

and Fe2?, actually prefer a four-coordinate tetrahe-

dral surrounding with several nitrogen and sulfur

ligands. Thus siderophores such as desferrioxamine

B, are designed to bind Fe3? extremely tightly and

they seem ideally suited to remove the ferric ion from

the body. Unfortunately they are relatively large

molecules and they are poorly absorbed if taken

orally. To be effective desferioxamine needs to be

injected intravenously, or infused subcutaneously

through a little pump device. This procedure is

cumbersome and results in poor patient compliance

(Bring et al. 2008). Many researchers have been

searching for alternative ferric-iron chelators that

could be taken orally (see for example Dobbin et al.

1993). Currently two agents are available for clinical

treatment that have met with considerable success:

deferiprone (tradename Ferriprox, produced by Apotex)

and deferasirox (marketed as Exjade by Novartis).

The former provides two ligands and the latter three

ligands and hence multiple molecules are required to

fulfill the requirement of Fe3? for hexadentate

coordination (see Fig. 8). Consequently these com-

pounds have a lower affinity for Fe3? than desfer-

rioxamine. However, in part because of their smaller

size they appear to be well-tolerated and easily

absorbed in the intestine and they are effective as

oral agents. While deferiprone requires three daily

doses and has some known side effects, early

indications are that deferasirox is effective and

Fig. 7 The structures of

human lipocalins present a

typical fold with an eight-

stranded anti-parallel

b-barrel that is open on one

end and has an a-helix on its

side. a and b show the

structure of siderocalin

(neutrophil gelatinase

associated lipocalin; PDB

3CMP) crystallized bound

with ferric-enterobactin

(FeEnt). c and d are the

structure of tear lipocalin

(PDB 3EYC) bound with

the artificial substrate

1,4-butanediol
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may be relatively free of serious side effects. It

requires only one daily dose and enjoys high patient

compliance (Neufeld 2006; Cappellini and Pattoneri

2009). Be that as it may, this drug has only recently

been approved by the FDA and its long-term effects

still need to be carefully evaluated.

Individuals suffering from other serious iron-

overload diseases such as hereditary hemochromato-

sis are usually not treated with iron-chelators. In most

cases treatment by phlebotomy (‘blood-letting’) is

very effective at reducing the overall iron load and

this is currently considered the gold-standard for

treatment (Bring et al. 2008). If the long-term safety

of the new oral iron-chelator compounds can be

demonstrated, these compounds could perhaps

become part of a new treatment regimen for hered-

itary hemochromatosis; alternatively new drugs that

can mimick the action of hepcidin could possibly be

developed to help prevent the build-up of excess iron

in these patients.

Another class of compounds that may have some

clinical potential are naturally produced conjugates of

siderophores and antibiotics or other bactericidal

compounds. Because the siderophore uptake systems

are used to actively recognize and transport these

compounds into the bacteria, they are often referred

to as ‘Trojan-horse’ antibiotics. For example, albo-

mycin is an adduct of the hydroxamate ferrichrome

siderophore that is chemically linked to a thioribosyl

pyrimidine antibiotic that can inhibit the tRNA

synthetase. This particular siderophore conjugate

can be produced by various Streptomyces strains

and the antibiotic portion can be enzymatically

released once the albomycin has been transported

into the bacterial cell. Albomycin was recently shown

to be effective in curing bacterial infections in a

mouse model (Pramanik et al. 2007). A closely

related class of compounds is made up of covalently-

linked complexes of antimicrobial peptides and

siderophores. It was recently reported that microcin

E422m, an antimicrobial peptide produced by Kleb-

siella pneumonia, contained several catecholate

groups that allowed binding of Fe3?. This sidero-

phore–peptide complex was shown to be actively

taken up by Gram-negative bacteria through their

siderophore outer membrane transporters (Thomas

et al. 2004). It has been proposed to call this novel

class of antibiotic compounds the ‘sideromycins’

(Pramanik et al. 2007). In addition to these naturally

occurring compounds, numerous siderophore-antibi-

otic conjugates have already been produced through

chemical synthesis, in an attempt to use the Trojan-

horse strategy to develop novel bacteria specific

antibiotics (e.g. Miller et al. 2009).

Conclusions

The first siderophores were discovered around 1950.

Since then several hundred distinct biologically active

iron-chelator compounds have been purified and

characterized (Hider and Kong 2010). The three

dimensional structures of many siderophores were

uncovered, revealing the presence of unique chemis-

tries specialized for binding Fe3?; ultimately this work

has led to the development of novel oral iron-chelators

that are now used clinically. As illustrated above, since

1998, numerous structures of siderophore transport

proteins with or without bound siderophores have

become available. The process of bacterial iron

Fig. 8 Crystal structures of the ferric complexes of a desfer-

rioxamine B (desferal), b deferiprone and c deferasirox

analogue Lz modified from Bernhardt (2007; H-atoms omitted,

Fe—green, O—red, N—blue and C—grey). Reproduced by

permission of The Royal Society of Chemistry
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acquisition is now much better understood at a

molecular level and this should ultimately lead to the

rational design of novel classes of antibiotics that

target this process. Moreover, hepcidin was discov-

ered and its regulatory role as ‘the insulin of the iron

world’ has been elucidated over the last 10 years.

Intriguingly this peptide hormone also plays a major

role during bacterial infections. Additionally the

antibacterial function of the siderocalin/lipocalin

proteins is now also coming into focus. Finally, the

complex biosynthesis of siderophores is starting to be

much better understood (Barry and Challis 2009) and

perhaps modified iron-chelators with novel properties

may be engineered in the future by altering the

enzymes involved in this process. Obviously much has

been learned and excellent progress has been made,

yet there is always more to discover and lots more

work to do. Undoubtedly, the clinical implications of

the battle for iron will continue to stimulate research in

this area for years to come.
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