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Coordination Chemistry of Microbial Iron Transport
Kenneth N. Raymond,* Benjamin E. Allred, and Allyson K. Sia
Department of Chemistry, University of California, Berkeley, California 94720-1460, United States
CONSPECTUS: This Account focuses on the coordination
chemistry of the microbial iron chelators called siderophores. The
initial research (early 1970s) focused on simple analogs of
siderophores, which included hydroxamate, catecholate, or hydroxycarboxylate ligands. The subsequent work increasingly focused on
the transport of siderophores and their microbial iron transport.
Since these are pseudo-octahedral complexes often composed of
bidentate ligands, there is chirality at the metal center that in
principle is independent of the ligand chirality. It has been shown in
many cases that chiral recognition of the complex occurs. Many
techniques have been used to elucidate the iron uptake processes in
both Gram-positive (single membrane) and Gram-negative (double
membrane) bacteria. These have included the use of radioactive
labels (of ligand, metal, or both), kinetically inert metal complexes, and Mössbauer spectroscopy. In general, siderophore
recognition and transport involves receptors that recognize the metal chelate portion of the iron−siderophore complex. A
second, to date less commonly found, mechanism called the siderophore shuttle involves the receptor binding an aposiderophore.
Since one of the primary ways that microbes compete with each other for iron stores is the strength of their competing
siderophore complexes, it became important early on to characterize the solution thermodynamics of these species. Since the
acidity of siderophores varies signiﬁcantly, just the stability constant does not give a direct measure of the relative competitive
strength of binding. For this reason, the pM value is compared. The pM, like pH, is a measure of the negative log of the free
metal ion concentration, typically calculated at pH 7.4, and standard total concentrations of metal and ligand. The
characterization of the electronic structure of ferric siderophores has done much to help explain the high stability of these
complexes.
A new chapter in siderophore science has emerged with the characterization of what are now called siderocalins. Initially found as
a protein of the human innate immune system, these proteins bind both ferric and apo-siderophores to inactivate the siderophore
transport system and hence deny iron to an invading pathogenic microbe. Siderocalins also can play a role in iron transport of the
host, particularly in the early stages of fetal development. Finally, it is speculated that the molecular targets of siderocalins in
diﬀerent species diﬀer based on the siderophore structures of the most important bacterial pathogens of those species.

■

INTRODUCTION
In 1970, Professor John “Joe” Neilands of the (then) Berkeley
Biochemistry Department gave a seminar in the Inorganic
Chemistry series regarding newly characterized microbial iron
chelators. As a new member of the Berkeley faculty, the senior
author had been assigned as chair of this seminar series and
issued the invitation. At the time, this was very unconventional,
since biochemists did not routinely speak at such a venue.
However, this was at the beginning of a movement that was to
become “bioinorganic chemistry”, an oxymoron that has
endured as the descriptor of a ﬁeld that has developed into a
major and vigorous scientiﬁc discipline. Neilands, along with
Walter Keller-Schierlein of the ETH in Zurich were early
pioneers in the ﬁeld who elucidated the chemical structures and
function of what became known as siderophores (Greek:
σιδηρος (iron) + φερω (carry) = iron carrier). In his seminar,
Neilands described the crystal structure of ferric ferrichrome,
determined by Templeton and Zalkin at Berkeley,1 and the role
it played in iron transport through a recognition process that
© 2015 American Chemical Society

occurred at receptor proteins embedded in the microbial outer
membrane. When asked whether the chirality at the metal
center (Δ or Λ, a chirality in principle separate from the
peptide chirality) made a diﬀerence to protein recognition,
Neilands replied that, as far as he knew, no one had thought
about this. This question inspired the start of what became a 42
year project to explore the coordination chemistry and
biological iron transport role of siderophores. For the ﬁrst 10
years of this endeavor the senior author was the only chemist
studying siderophores. As a junior faculty member at the time,
this foray into a new ﬁeld was somewhat daunting, but today
siderophores and related iron transport topics are important
components of medicine, chemical biology, and related
disciplines.
The ﬁrst progress on this project was reviewed in an Account
in 1979 that continues to have approximately 300 citations each
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Figure 1. Chemical structure of siderophores with various iron-binding moieties; including catecholates (enterobactin, bacillibactin, petrobactin),
hydroxamates (rhodotorulic acid, aerobactin, alcaligin), and carboxylates (petrobactin, aerobactin).

Figure 2. Chiralty of metal−siderophore complex. (A) Rhodotorulic acid forms a complex with two metals and three siderophores. (B) The E. coli
ferrichrome receptor FhuE transports native rhodotorulic acid (Δ conﬁguration) less than the unnatural enantiomer (Λ conﬁguration). (C)
Propeller chirality of Λ (left) and Δ (right) conﬁgurations.

year.2 This Account is intended to be a closing bookend to that
opening one. The properties of siderophores, their iron
transport functions, the dramatic expansion of knowledge
about receptors, and the discovery of siderocalins in the human
immune system have all been described in major reviews by
us3−7 and others8,9 and will not be repeated here. The purpose
of this Account is to provide a description of the current status
of the ﬁeld, from a rather personal perspective, and enough
examples to support the narrative.
The study of siderophores goes back to 1912, when Twort
and Ingram reported the discovery of mycobactin,10 the ﬁrst
compound that today would be called a siderophore. The
mycobactin−aluminum complex was crystallized in 1949. But
even then, it was not until the mid-1950s that mycobactin,

ferrioxamine B, and related compounds were identiﬁed as iron
transport agents.11 Walter Keller-Schierlein (on the faculty at
the ETH from 1947 to 1987) ﬁrst reported the trihydroxamate
compound ferrioxamine.12 Meanwhile, in the United States,
Neilands discovered ferrichrome in 195213 and proposed an
iron transport role for it in 1957.14 These authors, their
students, and others who entered the ﬁeld discovered a new
and important aspect of microbial biology, as described in
reviews referenced herein. The siderophores were initially
called siderochromes due to the intense color of these
complexes.15 The red color is due to ligand to metal charge
transfer, which was later spectroscopically assigned16 and the
bonding further analyzed and explained.17 Since it is the iron
transport function of these agents that is their signiﬁcance, the
2497
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ferric enterobactin (FeEnt) binding proteins. The enzyme does
not accept enantio-enterobactin or its iron complex as a
substrate.
To understand the role of chirality in iron delivery by
enterobactin, a natural siderophore from Bacillus subtilis and its
delivery pathway became important. Bacillibactin is structurally
similar to enterobactin (Figure 1), but the metal complexes of
bacillibactin preferentially form the Λ conﬁguration. The
opposite chirality results from the methylated trilactone ring
made from L-threonine and the glycine spacer between the
backbone and catechol amides. The Λ conﬁguration is
predicted by density functional theory to be lower in energy
than the nearest Δ isomer by 3.6 kcal/mol. A synthetic
derivative of bacillibactin that has an unmethylated L-serine
trilactone backbone has a smaller predicted preference for the
Λ isomer of 1.5 kcal/mol. Remarkably, the natural bacillibactin
Λ iron complex can be converted to the Δ when bound by
FeuA from B. subtilis, which recognizes only the Δ handedness.24
The conﬁguration of ferric enterobactin and bacillibactin was
shown to be important in the iron release mechanism as just
explained. Because of the strong ferric ion binding, and hence
low reduction potential, these siderophores must be hydrolyzed
to facilitate iron release. The enzymes Fes in E. coli and BesA in
B. subtilis hydrolyze ferric enterobactin and ferric bacillibactin,
respectively. Fes can hydrolyze ferric enterobactin (Δ) and Lserine bacillibactin (Λ) suggesting that the chirality of the
backbone, not the metal center, is a prerequisite for this
process. BesA can hydrolyze all siderophores that use an Lserine or L-threonine trilactone, independent of the metal
center conﬁguration, including enterobactin, bacillibactin, and
L-serine bacillibactin. Neither BesA nor Fes can hydrolyze
catecholate siderophore analogs that have a D-serine lactone.
The chiral recognition of Fes explains why enantio-enterobactin
did not deliver iron to support growth of E. coli even though
the receptor and periplasmic binding protein recognize it. Both
metal binding and siderophore chirality inﬂuence the
conformation and conﬁguration of the ferric siderophore
complexes, and these shape features determine protein−
siderophore interactions with signiﬁcant biological consequences.

name siderophore was proposed, and this has remained the
standard nomenclature for the ﬁeld.18

■

SIDEROPHORE CHIRALITY
Like ferrioxamine,12 ferrichrome is a trihydroxamate siderophore, and its chiral scaﬀold makes the iron complex chiral at
the metal center. This feature of the natural compound raised
the question of how chirality at the metal center played a role in
microbial recognition and transport. Our studies of this
relationship stimulated our early contributions to the siderophore ﬁeld.19 Substantially later, an eﬀect of metal center
chirality on recognition by microbial protein receptors was
demonstrated for the ﬁrst time with the siderophore
rhodotorulic acid and the ferrichrome uptake system of
Escherichia coli, which is speciﬁc for the Λ chirality at the
metal center (Figures 1 and 2).20
We later showed how the chirality of the metal center of the
triscatechol siderophore enterobactin inﬂuences siderophore
uptake, transport, and release of iron from the siderophore to
be utilized by the bacteria. The triserine backbone of
enterobactin is chiral, and metal−enterobactin complexes in
solution and in the solid state adopt the Δ conﬁguration
(Figure 2). Enterobactin supports growth of E. coli K12, but
enantio-enterobactin, which forms the Λ conﬁguration, does
not. It was initially assumed that this was because recognition
by the outer membrane receptor depends on the metal center
and that the Δ conﬁguration is preferred over the Λ of the
unnatural enantiomer. However, it was later shown that the
outer membrane receptor FepA binds enantio-enterobactin
with similar aﬃnity as enterobactin. Another protein involved
in the transport of enterobactin, the periplasmic binding
protein FepB, also binds both enterobactin and enantioenterobactin with high aﬃnity. Thus, the delivery of iron solely
by the natural enterobactin stereoisomer is not due to
selectivity at the outer membrane or the periplasm but occurs
at a later stage21 by the Fes esterase (Figure 3).22 This protein
is 45 608 Da (400 residues) and has two domains connected by
a 20 amino acid loop. The C terminal domain carries out the
catalytic cleavage of either enterobactin or its iron complex.
The N terminal domain has a high sequence homology with

■

SIDEROPHORE UPTAKE
In 1986, we demonstrated the use of Mössbauer spectroscopy
to monitor the mechanism of 57Fe-enterobactin (57Fe-Ent)
uptake in live E. coli.25 This was the ﬁrst example of using the
Mössbauer technique to investigate the oxidation state and
coordination environment of 57Fe (a Mössbauer active nucleus)
during transport from extracellular space to the cytoplasm. The
outer membrane protein of E. coli, FepA, delivers both 57Fe-Ent
and 57Fe-MECAM (1,3,5-N,N′,N″-tris(2,3-dihydroxybenzoyl)triaminomethylbenzene), a synthetic enterobactin analog with a
nonhydrolyzable backbone, to the periplasmic space of the cell.
However, iron imported into the cytoplasm by each of these
complexes occurs at diﬀerent rates. The amount of 57Fe(II)
measured in the cytoplasm after 30 min of metabolism was
greater when the starting complex was 57Fe-Ent. The rate of
cytoplasmic internalization of 57Fe(II) from 57Fe-MECAM was
10 times slower. Discrimination at the inner-membrane occurs
in favor of the hydrolyzable triester backbones of enterobactin.
Figure 4 provides a schematic of the siderophore mediated iron
uptake systems in E. coli.26

Figure 3. Active site of the enterobactin hydrolase Fes. The crystal
structure of Fes from Shigella f lexneri (PDB entry 2B20) shows an
active site buried deep within the enzyme scaﬀold (gray ribbon). The
active site is composed of a putative oxyanion hole (yellow sticks) and
catalytic (orange sticks) residues.23
2498
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Figure 4. Siderophore uptake systems in E. coli. Siderophore uptake is both receptor and energy dependent. The outer membrane receptors are the
most selective component of the systems. They have signiﬁcantly diﬀerent aﬃnities or uptake rates for siderophores within the same class, for
example, enterobactin and the enterobactin hydrolysis product, 2,3-dihydroxybenzoylserine (DBS).

Figure 5. Proposed model of the siderophore shuttle iron exchange mechanism for iron transport in Gram-negative bacteria. (A) In vivo, aposiderophore (red) may often be in excess of the ferric siderophore (blue), and thus the cognate receptor is predominantly loaded with the aposiderophore. (B) A ferric siderophore approaches the receptor-bound apo-siderophore and transfers a ferric ion in a mechanism likely facilitated by
the receptor. (C) Iron-binding by the siderophore inside the receptor barrel induces a conformational change that signals the iron-loaded status.
Energized TonB then triggers translocation of the ferric siderophore to the periplasm. (D) Finally, the receptor returns to its initial conformation
bound to an apo-siderophore. Reproduced with permission from ref 31. Copyright 2000 National Academy of Sciences, U.S.A.

Later, inert Cr(III)−siderophore complexes were used to
elucidate a siderophore transport mechanism called the
siderophore shuttle. In this mechanism, observed in the
Gram-negative bacteria Aeromonas hydrophila and E. coli, the
outer membrane siderophore receptor is initially bound to an
apo-siderophore (Figure 5).31 A second binding pocket of the
receptor binds to a ferric siderophore. Then, in a required step,
the metal is transferred from the ferric siderophore to the aposiderophore, which is subsequently transported across the outer
membrane. Inert Cr(III)−siderophore inhibited uptake, which
supports the shuttle mechanism because Cr(III) exchange
between an apo-siderophore and a Cr(III)−siderophore is
prohibitively slow for this mechanism of metal uptake.
The salient features of the siderophore shuttle mechanism
are apo-siderophore binding by the receptor and metal
exchange. Apo-siderophore binding is expected to be
detrimental to an iron uptake system unless the shuttle
mechanism is present, but a survey of the biochemical data on
siderophore receptors shows that many bind apo-siderophores

Another technique used to study the eﬀects of the
coordination chemistry of siderophores on bacterial iron uptake
involves substituting Fe(III) with another transition metal.
While Cr(III) is similar to high-spin Fe(III) complexes in size
and coordination geometry, Cr(III) complexes diﬀer enormously in rates of ligand exchange. Our ﬁrst use of Cr(III)−
siderophores enabled transport studies to be carried out using
radioactive labels with the assurance that loss of the metal had
not occurred during the biological uptake process.
Kinetically inert chromium complexes of small molecule
model hydroxamate analogs of ferrichrome and ferrioxamine B
were prepared in addition to isolation of the natural
siderophores from culture to characterize key physical
characteristics of these compounds when complexed with
iron.27−30 These studies included a collection of spectroscopic
signatures, such as circular dichroism transitions and UV−
visible bands, attributable to iron complexed by diﬀerent
moieties found in siderophores.
2499
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SIDEROPHORE THERMODYNAMICS
Early on it became apparent that the microbial competition for
iron depended in an important way on the relative stability of
the siderophore iron complexes, so studies were initiated to
characterize the solution thermodynamic stability of these
compounds.33,34
Several investigations of fundamental siderophore properties
focused on the archetypical siderophore enterobactin.26
Enterobactin stands out among siderophores because it forms
the most stable ferric complex of any siderophore known to
date. The size, functional group arrangement, and electronic
structure are optimal for binding ferric ion. Enterobactin binds
iron with three catecholates arranged in near C3 symmetry that
branch from the aforementioned chiral triserine lactone
backbone.
By measuring the properties of enterobactin analogs, we
found that the structural features of enterobactin that most
contribute to iron binding are the backbone, metal binding
units, and hydrogen bonding of the catecholamides. The
enterobactin backbone is a macrocycle that preorganizes the
siderophore for metal binding, which in turn contributes
entropically to the high stability of the ferric complex.35,36 The
catechol metal binding units make a nearly optimal bite angle,
the donor−metal−donor angle, for bidentate ligands with
Fe(III).16,17 The catechols are adjacent to an amide functional
group. The primary amide donates hydrogen bonds that
stabilize the ortho-phenolate as observed in the few crystal
structures of metal−enterobactin (M = V(IV), Si(IV), Ge(IV),
Ti(IV)).36,37 The stabilization of the ortho-phenolate is crucial
for metal binding at physiologically relevant pH levels.
Hydrogen ion concentrations impact metal binding because a
metal and proton compete for the same binding sites. The
catechol-amides in enterobactin stabilize the ortho-phenolates,
lower the pKa, and reduce the proton competition for that site
permitting the formation of stable complexes at physiological
pH. Synthetic model chelators that do not have a hydrogenbond-donating catechol-amide form stable complexes with iron
only at high, nonphysiological pH values.
Below physiological pH, ferric enterobactin has three discrete
protonation steps. The protonation constants (log K) of the
metal complex are 4.95, 3.52, and 2.5.38 The protonation
constants correspond to adding a proton at each of the three
meta-phenolates. Protonation precludes iron coordination at
the meta-phenolates and induces a change from the catecholate
mode to a salicylate mode (Figure 7).39,40 This chelating

with high aﬃnity, including several Gram-positive siderophore
receptors. This characteristic suggests that these receptors may
facilitate transport through a shuttle mechanism.
Much less is known about iron uptake by Gram-positive
bacteria compared with Gram-negative bacteria. Because they
have a single cell wall they present a diﬀerent problem for the
uptake mechanism compared with the Gram-negative bacteria
with their two membranes. We focused on Bacillus cereus YxeB
because it binds ferrioxamine, ferrichrome and the respective
apo-siderophores with comparable aﬃnity. In vitro and in vivo
studies showed that iron binding and uptake are inhibited but
not eliminated by Cr(III)−desferrioxamine. Metal exchange is
facilitated by the receptor and increases the uptake rate of iron,
but the YxeB system is not an obligate shuttle mechanism
because a siderophore can be transported without a metal
exchange step. A model for this observation is that transport by
YxeB may proceed through two pathways, one that includes
metal exchange and another that does not, and the metal
exchange pathway is faster as illustrated in Figure 6.

Figure 6. Models of the Gram-positive siderophore-shuttle mechanism
and displacement mechanism of YxeB. YxeB is initially bound to an
apo-siderophore. (1) An Fe−siderophore approaches YxeB and rests
near the binding pocket occupied by the apo-siderophore. At this step,
two pathways are possible. Steps 2−4 are the shuttle pathway. (2) Iron
exchanges from the Fe−siderophore to the apo-siderophore in the
binding pocket. The protein facilitates this step by increasing the local
concentration of the entering ligand and the ferric complex. (3) The
new Fe−siderophore (B) is transported and the created iron-released
ligand (A) may remain bound by the YxeB protein. (4) The receptor is
bound to an apo-siderophore. Steps 5−7 are the displacement
pathway. (5) The Fe−siderophore displaces the apo-siderophore and
occupies the binding pocket. (6) The original Fe−siderophore (A) is
transported. (7) The SBP is bound to an apo-siderophore. In the
Gram-positive siderophore-shuttle, both pathways operate but the
shuttle pathway is preferred. Reproduced with permission from ref 32.
Copyright 2014 American Chemical Society.

Figure 7. Catecholate (left) and salicylate (right) iron binding modes.

conformation allows all three binding units to remain
coordinated to the metal even after three protonations, while
many other siderophores release the metal after the ﬁrst
protonation. To adopt the salicylate mode, the amide rotates
until the carbonyl is syn to the ortho-phenolate as observed by
multiple spectroscopies. The metal−oxygen bond strengths are
similar for both catecholate and salicylate complexes, but the
ferric salicylate complexes are less stable than the catecholate
complexes. The diﬀerence in stability is likely due to increased

Observation of a siderophore shuttle mechanism in both
Gram-positive and Gram-negative bacteria also suggests that
this may be a general siderophore uptake mechanism with
signiﬁcant implications for the eﬃciency and diversity of
siderophore-mediated iron uptake.
2500
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strain in the carbon network of the siderophore because
salicylate coordination forms a six-membered chelate ring in
contrast to the ﬁve-membered ring of the catecholate mode.
Since the siderophore ligands diﬀer in the denticity of their
metal coordination and also in their relative acidities, metal
stability constants are not directly comparable for all siderophores. These factors must be taken into account in
calculating the relative aﬃnity for stated solution conditions.
This need led to the deﬁnition of the pM value,33 a metric that
continues to be in wide use today to compare the relative
strength of metal chelators.

■

HOST−PATHOGEN COMPETITION FOR IRON
In the competition between bacteria and their hosts for iron,
the rate as well as relative stability is important for iron
exchange and bacterial uptake. Alvin Crumbliss and his coworkers have played a prominent role in elucidating siderophore exchange mechanisms.8 This in turn stimulated early
investigations of iron removal kinetics by siderophores from
human iron stores. Proteins such as transferrin, ovotransferrin,
and lactoferrin are responsible for delivering iron throughout
the human body and are potentially sources of iron for invading
bacterial pathogens. Each of these proteins has the potential to
bind two iron atoms at any given time. However, the release of
iron from each of these sites diﬀer signiﬁcantly. In human
transferrin, the N-terminal and C-terminal domains each bind
iron with a synergistic anion (carbonate) and similar residues.
However, the channel leading to the iron binding site in each
lobe is diﬀerent. The C-terminal channel is concealed, and
accessibility of this channel is dependent on the conformation
of the N-terminal binding domain. The N-terminal channel is
exposed and thus serves as a potential opening for iron removal
by small molecule chelators. However, some chelators
preferentially remove iron from the C-terminal domain of
transferrin, despite the N-terminal being more exposed to the
surrounding environment.41,42 Diﬀerent chelators remove iron
from transferrin by diﬀerent mechanisms, because iron removal
is dependent on the pH and the ability of a given chelator to
displace the synergistic bicarbonate ion and to induce a
conformational change in the protein lobes.
The human body employs several regulatory systems to
protect against invading iron-requiring pathogens. Hepcidin43
triggers a decrease in iron export, increase in iron storage in
cells, and increased concentration of apo iron-binding proteins,
which in turn disrupt microbial iron metabolism. A major
change in the understanding of the competition of pathogenic
bacteria for human iron stores has occurred in the last 13 years
with the characterization by Professor Roland Strong of the
protein now generally called siderocalin. This human protein is
a product of the human innate immune system.44 It binds with
high aﬃnity to many catecholate siderophores in both the apo
and iron bound forms (Figure 8). Our studies45−47 revolved
around siderocalin and its interaction with iron−siderophores.
Siderocalin limits bacterial iron uptake by binding siderophores.
This defense strategy is eﬀective in protecting against many
infections. The siderophore binding pocket rests within the
calyx of an eight-stranded antiparallel β-barrel. Three basic
residues project into the binding pocket giving it a positive
charge. Siderocalin binds ferric enterobactin with high aﬃnity
through Coulombic and cation−π interactions.48 The three
positive residues deﬁne three subpockets into each of which ﬁts
a catecholate unit of enterobactin. By complementing the metal
center of enterobactin, the pseudo-3-fold symmetry and

Figure 8. Siderocalin, the ﬁrst human protein found to speciﬁcally
bind siderophores. Reproduced with permission from the cover of
Molecular Cell, vol 10, iss 5. Copyright 2002 Elsevier.

cationic interaction provided by the binding pocket also
recognizes many other triscatecholate siderophores with high
aﬃnity. In addition to enterobactin, siderocalin binds
bacillibactin, parabactin, carboxymycobactin, ﬂuvibactin, and
vibriobactin. The binding pocket degeneracy enables siderocalin to defend against siderophore mediated iron acquisition
from a variety of siderophores produced by pathogens.
However, several pathogens have responded to the siderocalin
defense by modifying the siderophores to block binding by the
host siderocalin. These “stealth” siderophores include petrobactin and the salmochelins.49,50 Figure 9 shows how the

Figure 9. Siderocalin binding of 2,3-catechol amides versus 3,4catechol amides. Shown at upper left is the protein calyx and its
interaction with the iron catechol complex, with the detail shown at
upper right. Below are shown the metal complexes and resultant
binding by the protein. The intense red is due to the bound ferric
complex, which is absent at lower right. Reproduced with permission
from ref 49. Copyright 2006 National Academy of Sciences, U.S.A.
2501
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characterized by crystallography at 1.75 Å resolution.56
According to modeled ferric siderophore structures in the
YclQ binding domain, the YclQ residues Glu-107, Lys-84, and
His-214 are suspected to be responsible for the speciﬁc binding
of YclQ to substrates. The size of the binding pocket is also
large enough to accommodate siderophores such as Fe(PB).
Zawadzka et al.56 quantiﬁed YclQ aﬃnity for various siderophores using a ﬂuorescence binding assay in which the
inherent protein ﬂuorescence is quenched upon the addition of
a strong binding siderophore. YclQ speciﬁcally binds 3,4catechol siderophores such as petrobactin and 3,4-dihydroxybenzoic acid, whereas its aﬃnity for 2,3-catechol siderophores
is orders of magnitude weaker and suggests nonspeciﬁc binding.
The Fe(PB) is photolyzable because the α-hydroxycarboxylate,
when bound to iron, is photoactive and can decarboxylate to
the petrobactin photoproduct (PBν).56 Zawadzka et al. showed
that Fe(PBν) has an even lower aﬃnity for YclQ than Fe-PB,
which may hint at an iron release mechanism dependent on
redox activity.
Citrate is a nearly ubiquitous biomolecule and an iron
chelator and widely used siderophore. We identiﬁed new ferric
citrate uptake machinery in pathogenic B. cereus that is diﬀerent
from the YfmCDEF SBP in B. subtilis.57 A 55Fe-citrate
radiotracing experiment showed that the B. cereus strain
ATCC 14579 imports ferric citrate. The siderophore-binding
protein of this system was isolated and named ferric citratebinding protein C (FctC) after protein ﬂuorescence quenching
assays and nano-ESI-MS analyses demonstrated the speciﬁcity
of FctC for the ferric citrate species. Nano-ESI-MS results
consistently showed the formation of the ternary FctC/FeIII/
citrate complex across a variety of pH values and ratios of Fe/
cit. The iron citrate species that are bound by FctC are either
Fe3cit3 or Fe2cit2. The aﬃnity of FctC for ferric citrate was
determined by ﬂuorescence quenching assays and subsequent
nonlinear regression analyses, which gave a protein−ligand
dissociation constant (Kd). Speciﬁcally, the nano-ESI-MS
results suggest that ferric citrate complexes of iron/citrate
ratios 3:3 and 2:2 are compatible ligands that are bound with
high nanomolar aﬃnity to FctC. The calculated Kd of FctC for
ferric citrate trimer is one of the lowest reported for a
siderophore-binding protein and a given iron-containing ligand.
The remarkable ability of FctC to ﬁsh out the iron citrate
trimer, a species of low abundance, was consistent across
changes in pH and variation of the molar ratio of Fe/cit. The B.
cereus bacteria may encounter various environments in which
the pH and concentrations of iron and citrate are not optimal.
Perhaps the binding of the iron citrate trimer is advantageous to
the bacterium. The FctC selectivity could be part of B. cereus’
recognition mechanism for iron citrate and could potentially be
the discriminatory site in which other metal−citrate species in
the surrounding environment are not bound and consequently
not imported. The proposed ferric citrate trimer is shown in
Figure 10.

altered structure of the petrobactin catechol groups precludes
binding by siderocalin. The discovery that there are “stealth”
siderophores explained a long-standing puzzle. E. coli produces
two primary siderophores: enterobactin and aerobactin. The
ﬁrst is a catecholate with high iron aﬃnity and the primary
siderophore for our intestinal symbionts. The second is a
weaker hydroxamate-citrate chelator produced by virulent
strains. In serum circulation, enterobactin is inactivated by
siderocalin, whereas aerobactin is not. The interplay between
“stealth” siderophores and the host immune system have been
reviewed elsewhere.6,7,39,45,47,51
Although it had long been speculated that there might be
human siderophores (i.e., low molecular weight chelators that
play an iron transport role in humans), none had been found.
However, siderocalin can play an iron transport role, especially
in early mammalian embryo development, and siderocalin is
expressed 10−500 times more in serum and urine after damage
stimuli (bacterial and nonbacterial). Then it was found that
catechol is an endogenous siderophore.52 Mouse urine contains
several catechols in relatively high concentrations. Catechol
itself was found to be present at about 0.2 μM. The strong
binding of the catechol−iron complexes by siderocalin drives
formation of the 2:1 or 3:1 complexes. Siderocalin and catechol
introduced separately in vivo sequester iron and form the
ternary siderocalin−iron−catechol complex. Subsequently iron
is predominantly delivered to kidney cells, completing the iron
transport role. It was later claimed that gentisic acid or 2,5dihydroxybenzoic acid is a mammalian siderophore candidate
and induces cellular iron eﬄux and apoptosis.53 This seemed
unlikely, since the catechol groups of this molecule are trans to
each other and cannot form a metal chelate ring. Indeed, a
detailed study later reported that 2,5-dihydroxybenzoic acid is
not a mammalian siderophore.54
In Gram-positive bacteria, iron−siderophores are actively
internalized through ABC-type transporters, which are
composed of three components: a substrate or siderophore
binding protein (SBP), channel, and an ATPase. The SBP is the
ﬁrst site of recognition and selectivity for a siderophore or
iron−siderophore. Typically SBPs discriminate for particular
siderophores based on iron binding moieties, siderophore, or
iron−siderophore size, shape, or chirality. Some SBPs are more
promiscuous than others, allowing siderophores synthesized
from other bacteria, or so-called xenosiderophores, to be
imported. In this way bacteria conserve energy by avoiding the
cost of siderophore biosynthesis.
The Bacillus cereus group of bacteria includes some extremely
pathogenic species such as Bacillus cereus, itself a potentially
enterotoxic pathogen in humans, and Bacillus anthracis, the
lethal anthrax pathogen. Members of this group can synthesize
and secrete the siderophores bacillibactin and anthrax
virulence-associated petrobactin. The SBPs of B. cereus directly
implicated in petrobactin uptake were identiﬁed as FpuA and
FatB through a combination of 55Fe−siderophore uptake
studies and ﬂuorescent binding assays.55 Furthermore, we
showed that QTOF ESI-MS is a useful tool to characterize
noncovalent interactions between siderophore or siderophore−
metal complexes and recombinantly expressed proteins. FatB
was shown to bind a select set of petrobactin-related
compounds such as the precursor and petrobactin photoproduct, 3,4-dihydroxybenzoic acid, in addition to petrobactin.
FpuA was shown to be speciﬁc for apo and ferric PB.
The petrobactin-binding protein in B. subtilis, another
member of the B. cereus group, was identiﬁed as YclQ and

■

CONCLUSION
In a 42 year eﬀort of studying siderophore mediated iron
transport, the focus has widened from simply studying the
coordination chemistry of these small molecules to their role in
vivo as both iron delivery agents for bacteria and agents in the
host/pathogen arms race for iron. Siderocalins are a key part of
this competition. There are now many siderocalins from several
species that have been characterized. Some of these are very
diﬀerent in primary structure and hint at convergent evolution.
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Figure 10. Bacillus cereus uses ferric citrate as one vehicle for iron
delivery. FctC is a ferric-citrate siderophore binding protein of B.
cereus; it binds Fe3Cit3 (Kd = 0.27 nM), although this is a trace species
in solution. The structural model proposed has all carboxylate oxygens
coordinated to the Fe(III) center (red is O, blue is Fe). The remaining
ligands are from the protein receptor. Adapted with permission from
ref 57. Copyright 2012 National Academy of Sciences, U.S.A.

■

They also seem to target the siderophores of that particular
species’ primary pathogens. It will be interesting to see whether
this speculation is conﬁrmed.

■
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Süssmuth, R. Synthesis and Structural Characterization of Hexacoordinate Silicon, Germanium, and Titanium Complexes of the E. coli
Siderophore Enterobactin. Chem. - Eur. J. 2013, 19, 10536−10542.
(38) Loomis, L. D.; Raymond, K. N. Solution Equilibria of
Enterobactin and Metal-Enterobactin Complexes. Inorg. Chem. 1991,
30, 906−911.
(39) Abergel, R. J.; Zawadzka, A. M.; Raymond, K. N. PetrobactinMediated Iron Transport in Pathogenic Bacteria: Coordination
Chemistry of an Unusual 3,4-Catecholate/Citrate Siderophore. J.
Am. Chem. Soc. 2008, 130, 2124−2125.
(40) Cass, M. E.; Garrett, T. M.; Raymond, K. N. The Salicylate
Mode of Bonding in Protonated Ferric Enterobactin Analogues. J. Am.
Chem. Soc. 1989, 111, 1677−1682.
(41) Turcot, I.; Stintzi, A.; Xu, J.; Raymond, K. N. Fast Biological
Iron Chelators: Kinetics of Iron Removal from Human Diferric
Transferrin by Multidentate Hydroxypyridonates. JBIC, J. Biol. Inorg.
Chem. 2000, 5, 634−641.
(42) Hamilton, D. H.; Turcot, I.; Stintzi, A.; Raymond, K. N. Large
Cooperativity in the Removal of Iron from Transferrin at Physiological
Temperature and Chloride Ion Concentration. JBIC, J. Biol. Inorg.
Chem. 2004, 9, 936−944.
(43) Ganz, T.; Nemeth, E. Hepcidin and Iron Homeostasis. Biochim.
Biophys. Acta, Mol. Cell Res. 2012, 1823, 1434−1443.
(44) Goetz, D. H.; Holmes, M. A.; Borregaard, N.; Bluhm, M. E.;
Raymond, K. N.; Strong, R. K. The Neutrophil Lipocalin NGAL is a
Bacteriostatic Agent that Interferes with Siderophore-Mediated Iron
Acquisition. Mol. Cell 2002, 10, 1033−1043.
(45) Hoette, T. M.; Clifton, M. C.; Zawadzka, A. M.; Holmes, M. A.;
Strong, R. K.; Raymond, K. N. Immune Interference in Mycobacterium Tuberculosis Intracellular Iron Acquisition through Siderocalin
Recognition of Carboxymycobactins. ACS Chem. Biol. 2011, 6, 1327−
1331.
(46) Correnti, C.; Clifton, M. C.; Abergel, R. J.; Allred, B.; Hoette, T.
M.; Ruiz, M.; Cancedda, R.; Raymond, K. N.; Descalzi, F.; Strong, R.
K. Galline Ex-FABP Is an Antibacterial Siderocalin and a
Lysophosphatidic Acid Sensor Functioning through Dual Ligand
Specificities. Structure 2011, 19, 1796−1806.
(47) Allred, B. E.; Correnti, C.; Clifton, M. C.; Strong, R. K.;
Raymond, K. N. Siderocalin Outwits the Coordination Chemistry of
Vibriobactin, a Siderophore of Vibrio cholera. ACS Chem. Biol. 2013, 8,
1882−1887.
(48) Hoette, T. M.; Abergel, R. J.; Xu, J.; Strong, R. K.; Raymond, K.
N. The Role of Electrostatics in Siderophore Recognition by the
Immunoprotein Siderocalin. J. Am. Chem. Soc. 2008, 130, 17584−
17592.
(49) Abergel, R. J.; Wilson, M. K.; Arceneaux, J. E. L.; Hoette, T. M.;
Strong, R. K.; Byers, B. R.; Raymond, K. N. The Anthrax Pathogen
Evades the Mammalian Immune System Through Stealth Siderophore
Production. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 18499−18503.
(50) Abergel, R. J.; Moore, E. G.; Strong, R. K.; Raymond, K. N.
Microbial Evasion of the Immune System: Structural Modifications of
Enterobactin Impair Siderocalin Recognition. J. Am. Chem. Soc. 2006,
128, 10998−10999.
(51) Abergel, R. J.; Clifton, M. C.; Pizarro, J. C.; Warner, J. A.; Shuh,
D. K.; Strong, R. K.; Raymond, K. N. The Siderocalin/Enterobactin
Interaction: A Link between Mammalian Immunity and Bacterial Iron
Transport. J. Am. Chem. Soc. 2008, 130, 11524−11534.
(52) Bao, G.; Clifton, M.; Hoette, T. M.; Mori, K.; Deng, S.-X.; Qiu,
A.; Viltard, M.; Williams, D.; Paragas, N.; Leete, T.; Kulkarni, R.; Li,
X.; Lee, B.; Kalandadze, A.; Ratner, A. J.; Pizarro, J. C.; Schmidt-Ott, K.
M.; Landry, D. W.; Raymond, K. N.; Strong, R. K.; Barasch, J. Iron
Traffics in Circulation Bound to a Siderocalin (Ngal)-catechol
Complex. Nat. Chem. Biol. 2010, 6, 602−609.

Siderophore Model Compounds: Electronic Structure Contributions
to High Stability Constants. J. Am. Chem. Soc. 2010, 132, 4006−4015.
(18) Lankford, C. E.; Byers, B. R. Bacterial Assimilation of Iron. Crit.
Rev. Microbiol. 1973, 2, 273−331.
(19) Leong, J.; Raymond, K. N. Coordination Isomers of Biological
Iron Transport Compounds. I. Models for the Siderochromes. The
Geometrical and Optical Isomers of Tris(N-methyl-lmenthoxyacethydroxamato)chromium(III). J. Am. Chem. Soc. 1974,
96, 1757−1762.
(20) Matzanke, B. F.; Müller, G. I.; Raymond, K. N. Hydroxamate
Siderophore Mediated Iron Uptake in E. coli: Stereospecific
Recognition of Ferric Rhodotorulic Acid. Biochem. Biophys. Res.
Commun. 1984, 121, 922−930.
(21) Abergel, R. J.; Zawadzka, A. M.; Hoette, T. M.; Raymond, K. N.
Enzymatic Hydrolysis of Trilactone Siderophores: Where Chiral
Recognition Occurs in Enterobactin and Bacillibactin Iron Transport.
J. Am. Chem. Soc. 2009, 131, 12682−12692.
(22) Kim, Y.; Maltseva, N.; Abergel, R.; Holzle, D.; Raymond, K. N.;
Joachimiak, A. Protein database: Siderophore Mediated Iron
Acquisition: Structure and Speciﬁcity of Enterobactin Esterase from
Shigella ﬂexneri. MMDB ID: 62753; 2008/2/11.
(23) Larsen, N. A.; Lin, H.; Wei, R.; Fischbach, M. A.; Walsh, C. T.
Structural Characterization of Enterobactin Hydrolase IroE. Biochemistry 2006, 45, 10184−10190.
(24) Peuckert, F.; Miethke, M.; Albrecht, A. G.; Essen, L.-O.;
Marahiel, M. A. Structural Basis and Stereochemistry of Triscatecholate Siderophore Binding by FeuA. Angew. Chem., Int. Ed. 2009, 48,
7924−7927.
(25) Matzanke, B.; Ecker, D. J.; Yang, T. S.; Huynh, B. H.; Müller, G.;
Raymond, K. N. Escherichia coli Iron Enterobactin Uptake Monitored
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