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Numerous pathogenic microorganisms secrete small mole-
cule chelators called siderophores defined by their ability to
bind extracellular ferric iron, making it bioavailable to
microbes. Recently, a siderophore produced by uropathogenic
Escherichia coli, yersiniabactin, was found to also bind copper
ions during human infections. The ability of yersiniabactin to
protect E. coli from copper toxicity and redox-based phagocyte
defenses distinguishes it from other E. coli siderophores. Here
we compare yersiniabactin to other extracellular copper-bind-
ing molecules and review how copper-binding siderophores
may confer virulence-associated gains of function during infec-
tion pathogenesis.

Siderophores

Siderophores (Greek for iron carrier) are a diverse group of
specialized ferric iron(III)-binding metabolites that function to
supply iron to the microbe and are the subject of classic works
in microbial metabolism (1–3). Iron is an essential metal for
most bacteria, acting as an essential cofactor in diverse physio-
logical processes including respiration, deoxynucleotide bio-
synthesis, and DNA replication (4). The evolution of sidero-
phores is viewed as a response to the appearance of O2 in the
early atmosphere, which resulted in oxidation of soluble ferrous
iron (Fe(II)) to its relatively insoluble ferric form (Fe(III)) (5).

Siderophores are widely synthesized among microbes, with
over 500 different siderophores described. These specialized
metabolites use a chemically diverse array of metal-binding
prosthetic groups, often deployed in varying combinations
within a single siderophore. Bacterial siderophore biosynthesis
and transporter proteins are translated when intracellular iron
is low, classically following transcriptional derepression by the
global iron regulator, Fur (ferric uptake repressor) (6, 7). Sid-
erophore biosynthetic pathways can be classified as non-ribo-
somalpeptidesynthetase/polyketidesynthase(NRPS/PKS)2-de-

pendent or -independent systems. NRPS/PKS are large (�350
kDa for the yersiniabactin biosynthesis protein irp1 (8)) multi-
enzyme complexes that use a wide range of cellular substrates
to synthesize various metabolites including catecholate and
phenolate type siderophores.

Once secreted into the extracellular space, siderophores can
bind oxidized metal ions with remarkably high affinities (9).
Ferric siderophore complexes are subsequently recognized and
internalized through siderophore-specific transport machinery
in bacterial inner and outer membranes. Transport through the
Gram-negative outer membrane transporters occurs through
specialized proteins associated with the TonB protein complex,
which transduces energy from the cytoplasmic proton motive
force (3, 10, 11). Inner membrane ATP-binding cassette trans-
porters in both Gram-negative and Gram-positive organisms
transport ferric siderophore complexes, or the iron released
from them, to the cytoplasm (12–16). Once ferric siderophores
are internalized, their intracellular fate varies between different
siderophores, with reported examples of Fe(III) reduction to
Fe(II) or Fe(III)-siderophore hydrolysis. All or part of the sid-
erophore may be recycled and used again after releasing its
metal ion cargo (2, 18).

Although pathogens often carry multiple iron acquisition
systems that are redundant in laboratory culture conditions,
siderophore-dependent systems appear to play specialized
roles at the host-pathogen interface (2, 16, 19, 20). Specifically,
siderophores have been ascribed roles in liberating ferric ions
bound to host iron storage proteins or sequestered away from
pathogens within distinctive compartments. As such, sidero-
phores have long been considered a microbial solution to low
iron availability imposed by microenvironments in the infected
host (21).

Uropathogenic Escherichia coli Siderophores

E. coli recovered from infected patients or animals often syn-
thesize different siderophore types spanning three chemical
families in addition to the prototypical, genetically conserved
enterobactin siderophore system (Fig. 1) (22). Although unnec-
essary for growth in standard culture conditions, multiple sid-
erophore genes are up-regulated during E. coli urinary tract
infections (23, 24), and siderophore biosynthesis in this disease
has been demonstrated by direct mass spectrometric detection
(25). The multiplicity of siderophores synthesized by these uro-
pathogenic E. coli strains raises the question of why bacteria
would commit scarce cellular resources to synthesize chemi-
cally distinctive siderophores with a common recognized func-
tion (26).

One reason pathogenic bacteria may synthesize multiple sid-
erophore types emerged from the finding that the inflamma-
tion-associated protein siderocalin (SCN, also known as lipoca-
lin 2 (Lcn2), NGAL, or 24p3) can tightly bind the ferric complex
of the prototypical E. coli siderophore enterobactin, rendering
its iron cargo inaccessible to bacteria (27). In contrast, func-
tional data with siderophores synthesized from the three genet-
ically non-conserved E. coli siderophore systems (salmochelin,
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yersiniabactin, and aerobactin) suggest that these do not bind
to SCN, leading to their categorization as “stealth siderophores”
along with other non-E. coli siderophores with this property.
SCN-deficient mice exhibit increased susceptibility to blood-
stream infections with E. coli that produce enterobactin as
its sole siderophore, consistent with a physiologic role for this
SCN-enterobactin binding interaction (28, 29). In the human
urinary environment, this situation can be reversed, with

enterobactin becoming necessary to liberate iron from SCN-
bound ferric complexes that form with urinary catechol metab-
olites (30).

An additional rationale for synthesizing salmochelin (a more
polar, glucose-conjugated version of enterobactin) is suggested
by measurements showing that this siderophore partitions into
cellular membranes less than enterobactin, which may allow it
to more effectively scavenge ferric ions in membrane-rich host
environments (31). Finally, using siderophores with different
pH optima for ferric ion binding may allow uropathogenic
E. coli to adapt to a wider range of host environments. Aerobac-
tin, for example, may be a better iron scavenger in low pH envi-
ronments where protonation diminishes the ferric ion affinity
of catecholate siderophores (32, 33). Together, these findings
suggest that siderophores’ remarkable chemical diversity, even
within a single bacterial strain, may represent chemical co-
evolutionary responses to numerous selective pressures within
vertebrate hosts.

Cupric Yersiniabactin in Human Infections

The phenolate/thiazoline-based yersiniabactin (Ybt) sidero-
phore system was first described in pathogenic Yersinia species
and subsequently found to be the most frequently expressed,
genetically non-conserved siderophore system in uropatho-
genic E. coli (22, 34 –36). Ybt is synthesized by a large NRPS/
PKS complex that has been successfully reconstituted in vitro
and assembles Ybt through a succession of phosphopanteth-
eine-bound intermediates (37, 38). These biosynthetic genes
are encoded alongside metabolic, transport, and transcription
factor genes in the genetically mobile, multi-operon Yersinia
high pathogenicity island (11, 39).

Although siderophores are known for ferric metal binding, in
vitro binding of non-ferric metal ions has been widely noted
(40 – 44). To identify the metals that bind Ybt in a biologically
relevant environment, Chaturvedi et al. (25) devised an LC-
constant neutral loss mass spectrometric screen using a yers-
iniabactin-specific MS/MS fragmentation pathway. When Ybt
was mixed with pooled urine samples from healthy human
donors, LC-constant neutral loss screen identified a chromato-
graphic peak corresponding to a new metal-yersiniabactin
complex. Accurate mass values and isotope pattern matched
that of a cupric yersiniabactin (Cu(II)-Ybt) complex. This com-
plex was replicated using defined components in vitro when
Ybt was titrated with cupric sulfate solution, producing a visibly
blue-colored complex. LC-MS/MS analysis detected Cu(II)-
Ybt in urine from urinary tract infection patients infected with
yersiniabactin-producing E. coli, demonstrating the physio-
logic relevance of copper binding by yersiniabactin. Cu(II)-Ybt
was also detected in urine and bladder tissue from mice exper-
imentally infected with UTI89, a model yersiniabactin-produc-
ing uropathogenic E. coli strain. Interestingly, the Cu(II)-Ybt/
Fe(III)-Ybt molar ratio in both human and mouse specimens
was consistently greater than 1, suggesting that Ybt binds host-
derived copper at least as extensively as Fe(III) during infections
(25).

These findings provide direct mass spectrometric evidence
that yersiniabactin is produced during human urinary tract
infections and that metal availability and yersiniabactin metal

FIGURE 1. Uropathogenic E. coli siderophores. Pathogenic E. coli isolates
synthesize multiple siderophore types known to coordinate Fe(III) with a vari-
ety of functional groups (22).
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affinities are such that copper complexes exceed iron com-
plexes. The observed excess copper complexes may reflect host
responses that limit siderophore-accessible iron (nutritional
immunity) as well as inflammation-associated processes that
increase copper availability at the host-pathogen interface (19,
45, 46). The presence of a virulence-associated, copper-binding
siderophore in E. coli may reflect an adaptive response to the
distinctive physiologic metal composition that arises in infec-
tion microenvironments (21). Yersiniabactin may play a similar
role in Yersinia pestis, where it is linked to virulence in experi-
mental animal models (12, 47). Common structural features of
yersiniabactin and other biological copper-binding molecules
may facilitate identification of analogous biological copper car-
riers in other microbial pathogens.

Structural Features of Biological Copper-binding
Molecules

Although yersiniabactin is currently the best-described
example of a siderophore shown to bind copper in the host,
other examples may await discovery. Structural features of well
known extracellular copper carriers may assist identification of
currently unappreciated copper binders among pathogen-asso-
ciated siderophores. In the mammalian host, the prototypical
extracellular copper carrier is ceruloplasmin, which carries up
to 95% of circulating copper and rises and falls with copper
excess and deficiency, respectively (48). An �2-kDa urinary
copper-binding molecule has also been observed in copper-
overloaded mice but has not been structurally characterized
(49). Copper ions bound to ceruloplasmin are critical compo-
nents of its multi-copper oxidase function, which is essential for
normal mammalian iron homeostasis. Ceruloplasmin harbors
six copper atoms in three distinct copper sites, as is typical of
the conserved multi-copper oxidase family (50). Ceruloplasmin
contains three type I “blue copper” sites, two of which coordi-
nate a single copper ion using a cysteine residue, a methionine
residue, and two histidine residues (Fig. 2a). The other three
copper ions form a histidine-rich trinuclear copper cluster in
which four histidine imidazole nitrogens coordinate one type II
copper and three histidine residues coordinate two type III cop-
per ions (51). These six copper atoms are required to achieve
the final conformation-driven state and are incorporated dur-
ing ceruloplasmin biosynthesis late in the secretory pathway
(52). Although an array of negatively charged groups might
effectively coordinate copper, it is notable that cuproproteins
often use histidine imidazole nitrogens for this purpose. Indeed
this is a useful basis for identifying new cuproproteins from
genomic databases (53, 54). Incorporation of analogous nitro-
gen-containing heterocycles into protein and non-protein
microbial products may confer a similar copper binding
preference.

Among prokaryotes, a new family of copper binding, sidero-
phore-like, natural products has recently been described
among methanotrophic Gram-negative bacteria from environ-
mental sources. Methanobactins (Mb) are a family of small
molecules secreted into the extracellular space to scavenge cop-
per for nutritional purposes (for detailed review, see Ref. 42).
These chalkophores (Greek for copper carriers) help satisfy the
high copper demand resulting from biosynthesis of particulate

methane monooxygenase, which permits methanotrophs to
use methane as their sole carbon source (55, 56). There are
numerous similarities between Mb and Gram-negative bacte-
rial siderophore systems. Gram-negative siderophores and Mb
are actively transported through the outer membrane by TonB-
dependent transporters and possess distinctive heterocyclic
structural elements involved in metal binding (43, 57). As in
most cuproproteins, biophysical studies of Mb implicate hetero-
cyclic nitrogens (oxazolones for Mb) in copper ion coordina-
tion (Fig. 2b). Use of these chemical groups to bind copper in
Mb raises the possibility that previously described mechanisms
for nitrogen heterocycle incorporation into other peptides and
natural products (reviewed by Walsh et al. (58)) may facilitate
copper binding in some of these molecules.

Yersiniabactin is an NRPS/PKS product that lacks the pep-
tide backbone of Mb and possesses three nitrogen-sulfur het-
erocycles whose nitrogens participate in co-planar ferric ion
binding identified in crystallographic structures (59, 60). Quan-
tum mechanical modeling using density functional theory pre-
dicts a similar coordination environment for Cu(II)-Ybt, in
which the three heterocyclic nitrogens (two thiazoline and one
thiazolidine) and the phenolate oxygen contribute to a typical
square planar configuration around Cu(II) (Fig. 2c). However,

FIGURE 2. Extracellular copper-binding molecules. a, ceruloplasmin has six
copper-binding sites of which three are type I copper centers coordinated
with two histidine residues, a cysteine residue and a methionine residue (48).
b, methanobactin structures contain a recognizable peptide backbone with
distinctive oxazolone heterocycles, which are implicated in copper ion coor-
dination (43). c, yersiniabactin has three heterocyclic nitrogens (two thiazo-
line and one thiazolidine) that contribute to a square planar configuration
around Cu(II) alongside the phenolate oxygen (61).
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in contrast to other metal-Ybt complexes, Cu(II)-Ybt is pre-
dicted to exist as two closely related linkage isomers with one
having an open penta-coordinate site arising from differential
interaction with the terminal carboxylic acid group (61, 62). A
similar phenolate-thiazoline role in copper binding may occur
with pyochelin, a related siderophore from the opportunistic
pathogen Pseudomonas aeruginosa, in which UV-visible analy-
sis indicates formation of an in vitro Cu(II) complex (41). The
consistent appearance of nitrogen-containing heterocycles in
ceruloplasmin, methanobactin, and yersiniabactin metal-bind-
ing sites suggests a particularly important role for this struc-
tural element in binding copper. More examples of copper-
binding molecules are necessary to properly evaluate this
association and to predict biologically meaningful copper bind-
ing activity among microbial siderophores.

Copper-binding Siderophores as a Defense Against
Host-derived Copper Toxicity

Secreted copper-binding molecules may have evolved in
pathogens to neutralize the antibacterial activity of copper (for
recent reviews, see Refs. 46, 63, and 64). Although inflamma-
tory responses classically limit transition metal bioavailability,
copper appears to be a notable exception. Several works report
unchanged or increased systemic and local copper availability
during infections (65– 68). More recently, White et al. (45) have
shown ATP7A-mediated copper trafficking from the Golgi
apparatus to E. coli-containing phagosomes, consistent with a
bactericidal system that targets phagocytosed microorganisms.
Within this restricted phagosomal space (�1.2 � 10�15 liters
(69)), toxic levels of copper sufficient to kill microbes may be
rapidly achieved.

Consistent with an important role for copper-based host
defenses, uropathogenic E. coli isolates have been observed to
exhibit greater copper resistance than intestinal isolates in uri-
nary tract infection patients. Yersiniabactin synthesis was asso-
ciated with copper resistance in these isolates, and a causative
association was supported by a significant decrease in resis-
tance by yersiniabactin-null mutants and a significant increase
in resistance following supplementation with purified yersini-
abactin (25). A similar relationship was observed in Pseudomo-
nas aeruginosa, where synthesis of the virulence-associated sid-
erophores pyochelin and pyoverdine (70, 71) increased copper
resistance (72). Furthermore P. aeruginosa with deficiency in
copper detoxification system showed reduced virulence,
although connections with pyochelin and pyoverdine were
unexplored (73).

Further studies will be necessary to examine how Cu(I) in the
phagosome is oxidized to Cu(II) for yersiniabactin binding. The
bacterial periplasmic multi-copper oxidase, CueO, has been
suggested to oxidize Cu(I) to Cu(II) (74, 75). These copper
defense systems may thus work in tandem with yersiniabactin
and related siderophores to sequester Cu(II) ions.

Not all siderophores protect against copper toxicity. Cat-
echolate siderophores in E. coli sensitized them to copper tox-
icity, an effect linked to Cu(II) reduction by catechols to the
more cytotoxic Cu(I) ion (25, 74, 76). When bound to yersini-
abactin, catechols were unable to reduce Cu(II) (25). In the
presence of copper ions, yersiniabactin may thus protect E. coli

by preventing enterobactin-mediated Cu(I) formation. (Fig. 3).
It is however unclear whether aerobactin is similarly involved in
strains that produce this siderophore.

The mechanism of copper toxicity in bacteria is incompletely
understood. Cu(I) toxicity through Fenton reaction-mediated
hydroxyl radical (OH�) generation has long been proposed to be
an important mechanism, although observations that copper-
loaded E. coli are more, not less, resistant to hydrogen peroxide
suggest that Fenton chemistry alone is an inadequate explana-
tion (77). Recent works instead point to a major role for cyto-
plasmic Cu(I) in dissociating iron-sulfur clusters and thereby
interfering with multiple metabolic processes including heme
and branched chain amino biosynthesis (78 – 80). This mecha-
nism finds additional support from the finding that metal ions
that do not act as Fenton reagents but also disrupt iron-sulfur
clusters exert similar toxicity (81, 82). Although further studies
are needed to dissect the toxic activities of copper, these results
point to the ability of yersiniabactin to prevent free copper from
reaching the cytoplasm as an important virulence function.

A pathogenic role for yersiniabactin copper binding was
assessed in a version of the macrophage survival assay first
described by White et al. (45). In this study, a yersiniabactin-
deficient uropathogenic E. coli was profoundly sensitized to
intracellular killing by macrophage-like RAW264.7 cells rela-
tive to its yersiniabactin-proficient isogenic wild type control

FIGURE 3. Copper-binding siderophore functions at the host-pathogen
interface. Within the phagosomal compartments of host phagocytic cells
(upper left), yersiniabactin may protect bacterial pathogens by sequestering
toxic copper ions translocated by ATP7A into the phagosome (25, 45). The
resulting Cu(II)-Ybt complex may further protect the host by catalyzing super-
oxide dismutation to counter superoxide-based host defenses (61). In phago-
somal or non-phagosomal environments characterized instead by copper
scarcity, E. coli may import Cu(II)-Ybt as a nutritional copper source.
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(61). The yersiniabactin-null phenotype was abolished when
copper-deficient RAW264.7 cells were used. This sensitization
phenotype was similar to that observed for a K12 E. coli strain
lacking the copper efflux pump CopA (83). Overall, these
results are consistent with yersiniabactin sequestration of pha-
gosomal copper ions as a contributor to intracellular survival.
Together, these findings support a role for non-reducing, cop-
per-binding siderophores in protecting pathogens from cop-
per-based host defenses.

Copper-binding Siderophores as a Countermeasure Against
Superoxide-based Host Defenses—Phagocytes are a classic host
defense against invading microbial pathogens, and the copper-
dependent ATP7A bactericidal system described by White et
al. (45) is one of several chemical defenses deployed by these
cells. Also notable among these defenses is the “respiratory
burst,” in which a membrane-bound NADPH oxidase gener-
ates superoxide anion (O2

. ) within the phagosome (84).
Yersiniabactin synthesis was implicated in resisting su-

peroxide-dependent host defenses through the observation
that the yersiniabactin-dependent intracellular survival pheno-
type requires both copper and NADPH oxidase activity (61).
Subsequent studies identified a soluble superoxide dismutase-like
activity in uropathogenic Escherichia coli (UPEC)-conditioned
medium that was similarly dependent upon yersiniabactin biosyn-
thesis and copper supplementation. Chromatographic fraction-
ation and mass spectrometric analysis associated this soluble
SOD-like activity to Cu(II)-Ybt. Purified Cu(II)-Ybt exhibited
SOD-like activity that was also observed upon substitution of
Cu(II) with Fe(III) but not with non-redox active gallium (III), con-
sistent with a catalytic requirement for redox active metal. Unlike
previously described cupric salicylate complexes with SOD-like
activity, Cu(II)-Ybt retained its activity in the presence of protein,
which acts as a competitive copper chelator (61). These data are
consistent with the ability of non-protein Cu(II)-Ybt complexes to
catalyze superoxide dismutation as follows.

Cu(II)-Ybt �O2
. ¡ Cu(I)-Ybt � O2

Reaction 1

Cu(I)-Ybt � O2
. � 2H� ¡ Cu(II)-Ybt � H2O2

Reaction 2

Density functional theory-based quantum simulations of this
catalytic cycle supported a key role for copper redox cycling
during coordination by the phenolate, thiazoline, and thiazoli-
dine groups in yersiniabactin (61). There is evidence that the
thiolate and heteroaromatic ring coordination sites of metha-
nobactin may support a similar catalytic cycle (85). Although
the catalytic activity of Cu(II)-Ybt does not exceed that of
periplasmic Cu,Zn-SOD, the extracellular localization of yers-
iniabactin would be expected to place it in closer proximity to
the superoxide source (the host NADPH oxidase complex)
where it may be more effective. Cu(II)-Ybt catalysis may further
benefit the pathogen through its lower metabolic cost of pro-
duction and its likely ability to avoid proteolysis, which may
permit substantial accumulation within the phagosome. Sid-
erophore-based catalysts that take advantage of host-supplied

copper may therefore be well suited to this distinctive host envi-
ronment (86) (Fig. 3).

An analogous protective role for an extracellular copper-
binding protein was recently suggested by Gleason et al. (87), in
the human fungal pathogen Candida albicans. Candidal SOD5
was found to possess an open active site that readily captures
extracellular copper for its activity. Although it lacks the zinc-
binding site, it is otherwise structurally homologous to Cu,Zn-
SODs and rapidly reacts with superoxide with rates approach-
ing the dismutase limit (87). Yersiniabactin and SOD5 may thus
use similar strategies to catalyze superoxide dismutation
through spontaneous capture and immobilization of host-sup-
plied, extracellular copper. A more detailed investigation of
copper-based dismutation catalysts in this context will require
an improved biochemical understanding of the role of superox-
ide in microbial killing. Nevertheless, it appears likely that addi-
tional examples of this survival strategy await discovery among
invasive, disease-associated microorganisms.

The surprising ability of yersiniabactin production to modu-
late copper-dependent intracellular survival underscores that
there is still much to learn about transition metal interactions at
the host-pathogen interface. As the phagosome matures, metal
content, pH, and redox potential may change dramatically (for
recent reviews, see Refs. 88 and 89). Future measurements of
the binding affinity of yersiniabactin for Cu(II) and Cu(I), both
of which may be present within the phagosome, would aid these
investigations.

Copper-binding Siderophores as Copper Scavengers

Methanobactin is a notable precedent for a siderophore-like
small molecule that scavenges and delivers copper (a chalko-
phore) to bacteria. Although methanotrophic Gram-negative
bacteria use methanobactin to support exceptional copper
demands associated with particulate methane monooxygenase
biosynthesis (56, 57), it remains unclear whether pathogenic
bacteria benefit from a similar strategy. Copper is an important
cofactor in multiple bacterial enzymes including NADH dehy-
drogenase, cytochrome oxidase, and copper/zinc superoxide
dismutases (53). Gram-negative cuproenzymes such as Cu,Zn-
SOD have been described to receive copper in the periplasmic
compartment (17), and it therefore appears plausible that viru-
lence-associated chalkophore systems could serve a nutritional
function in low copper host environments.

The outer membrane ferric yersiniabactin importer gene
(fyuA (11, 12, 60)) was found to be unnecessary for protection
from copper toxicity, consistent with the prominent role for
extracellular copper binding described above. Nevertheless,
FyuA was recently found to act as a promiscuous transporter of
metal-yersiniabactin complexes, including Cu(II)-Ybt. Relative
to non-cupric complexes, Cu(II)-Ybt import reached a maxi-
mal level at low concentrations. Under competitive import con-
ditions, Fe(III)-Ybt import was favored and notably uninhibited
by high Cu(II)-Ybt concentrations. These observations raise
the possibility that yersiniabactin exhibits a copper-scavenging
functionality that can adapt to a high copper, low iron environ-
ment such as the phagosome by limiting copper import and
prioritizing iron import (62). Further studies are necessary to
determine how FyuA distinguishes between different metal-
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yersiniabactin complexes and whether bacteria use imported
Cu(II)-Ybt to provide copper to cuproproteins.

Summary

Bacterial siderophores and siderophore-like molecules with
characteristic structural features have been found to form sta-
ble complexes with extracellular copper ions in vitro and in vivo
during human infections. In the case of yersiniabactin, this
property may protect uropathogenic E. coli from innate anti-
bacterial immune responses based on copper and superoxide
generation. Because the chemical environment during infec-
tions is highly variable and is manipulated by the host, multiple
roles for copper-binding siderophores are possible. Improved
understanding of fundamental chemical properties of patho-
genic siderophores as well as the biochemical environments in
which they are deployed is necessary to identify new virulence-
associated copper binders and to better understand their role in
bacterial pathogenesis.
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N. (1993) Changes in the total content of iron, copper, and zinc in serum,
heart, liver, spleen, and skeletal muscle tissues of rats infected with Tryp-
anosoma cruzi. Biol. Trace Elem. Res. 37, 51–70
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