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Abstract Siderophore production and utilization is one of
the major strategies deployed by bacteria to get access to
iron, a key nutrient for bacterial growth. The biological
function of siderophores is to solubilize iron in the bacterial
environment and to shuttle it back to the cytoplasm of the
microorganisms. This uptake process for Gram-negative
species involves TonB-dependent transporters for translo-
cation across the outer membranes. In Escherichia coli and
many other Gram-negative bacteria, ABC transporters
associated with periplasmic binding proteins import fer-
risiderophores across cytoplasmic membranes. Recent data
reveal that in some siderophore pathways, this step can also
be carried out by proton-motive force-dependent perm-
eases, for example the ferrichrome and ferripyochelin
pathways in Pseudomonas aeruginosa. Iron is then released
from the siderophores in the bacterial cytoplasm by dif-
ferent enzymatic mechanisms depending on the nature of
the siderophore. Another strategy has been reported for the
pyoverdine pathway in P. aeruginosa: iron is released from
the siderophore in the periplasm and only siderophore-free
iron is transported into the cytoplasm by an ABC trans-
porter having two atypical periplasmic binding proteins.
This review presents recent findings concerning both fer-
risiderophore and siderophore-free iron transport across
bacterial cytoplasmic membranes and considers current
knowledge about the mechanisms involved in iron release
from siderophores.
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Introduction

Iron is absolutely required by almost all living organisms,
because it is a cofactor for a large number of important
enzymes, involved in many fundamental cellular processes,
including electron transfer, cell respiration, and superoxide
metabolism. Although iron is extremely abundant on Earth,
the solubility of iron is very low at physiological pH in
aerobic environments: the presence of oxygen rapidly
oxidizes iron(Il) into insoluble ferric oxyhydroxides with a
solubility product of 107>°. Tron in the environment of
microorganisms infecting a host is in complex with bio-
logical macromolecules such as hemes, metalloenzymes,
ferritins (iron storage proteins), or transferrin and lacto-
ferrin (two proteins involved in iron transport). The con-
centration of free iron at neutral pH in human and animal
body fluids is estimated to be about 107" M (Raymond
et al. 2003). Indeed, the free iron concentration is far too
low to support bacterial growth in most microorganism
biotopes.

To survive and compete, microorganisms evolved mul-
tiple means of obtaining iron and these systems are
essential for bacterial pathogenicity (Miethke and Marahiel
2007; Schalk 2013). The most diverse and broadly dis-
tributed iron uptake mechanisms used by microorganisms
are ferrisiderophore acquisition systems. Siderophores are
small organic chelators (molecular weight between 150
and 2000 Da) with a very high affinity for iron (Hider and
Kong 2011a). They are synthesized by bacteria and
secreted into their environment, where they efficiently
solubilize and chelate iron (Hider and Kong 2011a). Once
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the ferrisiderophore complex is formed, it is shuttled back
into the bacteria via specific transport proteins. To reach
the cytoplasm of Gram-negative bacteria, ferrisiderophore
complexes have to cross both the outer and cytoplasmic
(inner) membranes and the periplasm. Uptake across the
first membrane involves TonB-dependent transporters
(TBDT), and across the inner membrane ABC transporters
associated with periplasmic binding proteins (PBP) or
proton-motive force-dependent permeases. The molecular
mechanisms involved in the translocation of ferrisidero-
phores across the outer membranes (OMs) of Gram-nega-
tive bacteria have been the subject of many reviews the last
decade and will not be discussed here in detail [for the
more recent reviews see (Krewulak and Vogel 2008;
Fairman et al. 2011; Schalk et al. 2012)]. The present
review focuses on the fate of ferrisiderophores in the
bacterial periplasm and cytoplasm after import across the
outer membranes. In particular, the wide diversity of fer-
risiderophore outcomes and its dependence on the nature of
the chelators and the bacteria species are illustrated.

Siderophores

More than 500 different siderophores have now been
identified with very different chemical structures (Hider
and Kong 2011a). Hexacoordinate complexes dominate
iron coordination chemistry, so it is not surprising that the
hexadentate structure is the most common siderophore
form. The coordination ligands are mostly hydroxamate
and catechol functions, attached to either linear or cyclic
scaffolds, to form a hexadentate structure (Fig. 1). Sid-
erophores with lower denticity (tetradentate, tridentate, and
bidentate) are also produced by microorganisms, but these
chelators cannot alone achieve full Fe(Ill) coordination,
and complexes with higher siderophore:Fe(IIl) stoichiom-
etry have been described (Spasojevic et al. 2001). In gen-
eral, hexadentate siderophores have a much higher affinity
for Fe(III) than do tetradentate siderophores, which have a
higher iron affinity than bidentate siderophores (Albrecht-
Gary and Crumbliss 1998). The two strongest chelators are
the triscatecholate-trilactone derivatives bacillibactin and
enterobactin, which have formation constants of 10*® and
10* M~!, respectively (Loomis and Raymond 1991; Dertz
et al. 2006). All siderophores possess a higher affinity for
iron(III) than for iron(Il). Recent work has also shown that
siderophores are able to chelate metals other than iron and
play a key role in bacterial metal tolerance (Braud et al.
2009a, b; Schalk et al. 2011; Hannauer et al. 2012). For
many siderophores, a large range of closely related struc-
tures have been reported. For example, more than 60
analogs of pyoverdines (Fuchs et al. 2001), 21 analogs of
desferrichrome, 21 analogs of enterobactin, and 20 analogs
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of ferrioxamine have been described (Hider and Kong
2011a).

To adapt to variable environmental conditions, many
microorganisms produce more than one siderophore and
are able to use several others (xenosiderophores) produced
by other microorganisms present in their environment. To
exploit xenosiderophores, the bacteria only express the
import proteins necessary to capture these ferrisiderophores
from their environment and no siderophore biosynthesis
occurs. For example, Pseudomonas aeruginosa, a Gram-
negative bacterium, produces two major siderophores, py-
overdine and pyochelin (Fig. 1), but are able to use at least
five heterologous siderophores: cepabactin, ferrichome,
enterobactin, ferrioxamine, and citrate (Poole and McKay
2003; Llamas et al. 2006; Schalk 2008; Hannauer et al.
2010). Bacteria probably produce and use multiple sid-
erophores to be more competitive in their different biotopes
and the strategies employed are undoubtedly driven by
evolution (Lee et al. 2012). The complexity of these
strategies also illustrates the high importance of iron for
microorganisms.

Translocation across the outer membrane
by TonB-dependent transporters

Ferrisiderophore complexes are recognized at the cell
surface of Gram-negative bacteria by specific outer mem-
brane transporters called TonB-dependent transporters
(TBDT; for reviews on these proteins see (Krewulak and
Vogel 2008; Fairman et al. 2011; Schalk et al. 2012). Very
briefly, the biological function of TBDT is to import sid-
erophore-iron complexes from the extracellular medium
into the periplasm. They are composed of a 22-stranded
antiparallel transmembrane P-barrel (Figs. 2, 3), and the
lumen of the barrel is filled with the N-terminal globular
domain (called the plug, hatch, or cork) (Schalk et al.
2012). The binding site is always located on the extracel-
lular face of the transporter, exposed to the solvent, and is
constituted of residues of both the plug and the B-barrel
domains. The proton-motive force of the inner membrane
provides the energy necessary for translocation of ferrisi-
derophores through the lumen of TBDT (Schalk et al.
2012). This energy is transferred to TBDT in the outer
membrane by the TonB complex (hence the name TonB-
dependent transporters), which although in the inner
membrane spans the periplasm.

Each TBDT recognizes and transports a specific sider-
ophore, or in some cases, a few structurally related sid-
erophores, but never siderophores with different chemical
structures (Ferguson et al. 2000; Mislin et al. 2006;
Greenwald et al. 2009; Hoegy et al. 2009, 2010). This is
associated with a strong correlation between the number of



Fate of ferrisiderophores after import 1269
Catecholate siderophores Hydroxamate siderophores
OH /'j\ T
_OH O Ay, /= —OH O ° NMN
[:/K'Iwn i TJ:\OH R /" H-on
o \6\0/1 -
o 0\’)\7?0 S j\/l
j‘w/? ° Moot %IN\?’ H YH s
o HN
HN__O o .
Cepabactin
HO._A L \ﬁ
e HO T Vibriobactin JJ\,NH HaN HM}_
; Ho/“‘v . 0
Enterobactin Desferrichrome
Desferrioxamine

Phenolate siderophoes

S OH 'HaC.N COCH
Nf\hl H NTTH
& N o] N
_<S H /ﬂ \I’I )/LSS
s OH S~}

Yersiniabactin Pyochelin

Carboxylate siderophores

[

HOOC COOH HN ; Rhizoferrin
: co OH
Citrate {C"f COOH
(%OO, ; COOH
COOH

Fig. 1 Examples of siderophores

FepB Fath

Periplasm
Inner membrane Fep ’
FepD J

FepBC,D,

Cytoplasm

FatBC,D, FhuDBC,
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Gram-negative bacteria. FepBC,D, is involved in enterobactin
pathway in E. coli; FatBC,D; in enterobactin pathway in V. anguil-
larum; FhuDBC,; in ferrichrome pathway in E. coli; VctPDGC, and

siderophores able to be used by a bacterium and the
number of genes encoding iron-regulated TBDTs in its
genome. Genome sequencing has revealed that many
bacteria have numerous genes encoding these transporters
(Blanvillain et al. 2007; Schauer et al. 2008). In the
P. aeruginosa genome, there are 11 genes coding for
TBDTs and involved in iron uptake (Llamas et al. 2006),
and Escherichia coli has eight genes coding for sidero-
phore-iron TBDTs.
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Translocation of ferrisiderophores
across the cytoplasmic membrane by ABC transporters

In most reported iron uptake mechanisms, once the fer-
risiderophore is in the periplasm, it binds to the sidero-
phore-periplasmic binding protein (PBP) component of an
ATP-binding cassette (ABC) transporter. The ferrisidero-
phore is then imported into the cytoplasm via interaction of
the ferrisiderophore-PBP complex with the permease
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Fig. 3 Enterobactin pathway in
E. coli and Salmochelin J - T
pathway in E. coli. TBDT “Fe" "Fe'
transporters are represented in
pink, the TonB proteins in grey,
ferrisiderophore import ABC
transporters with the
corresponding PBP in blue,
enzymes involved in
siderophore hydrolysis in green
and in iron reduction in red. For
details and an explanation, refer
to the text
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components of the ABC transporter (Hvorup et al. 2007).
ATP hydrolysis is coupled to this transport.

Bacterial ABC transporters involved in ferrisiderophore
import commonly consist of five structural domains
(Fig. 2): a periplasmic binding protein, two transmem-
brane polypeptides that form a channel through which the
ferrisiderophore passes through, and two nucleotide bind-
ing subunits that hydrolyse ATP. These permeases and
ATPases are usually assembled from four separate poly-
peptides. This is the case of the ferrienterobactin ABC
transporter in E. coli, FepBC,D, (FepB being the PBP, and
the dimers FepC, and FepD, forming the permease and the
ATPAses, respectively) (Shea and Mclntosh 1991)
(Fig. 3), and the ferrienterobactin ABC transporter from
Vibrio anguillarum, FatBC,D, (FatB, PBP; FatC,, per-
mease and FatD,, ATPase). Nevertheless, some ABC
transporters have a different oligomeric organization
(Fig. 2). In the hydroxamate siderophore ABC transporter
from E. coli, FhuDBC,, the FhuB dimer is fused into one
polypeptide chain forming the permease, but like the other
ATP-binding domains, two copies of FhuC assemble to
form a dimer and FhuB is the PBP (Mademidis et al. 1997,
Mademidis and Koster 1998). Moreover, the two ABC
transporters involved in iron acquisition by vibriobactin
and enterobactin in Vibrio cholera have the following
stoichiometry: VctPDGC, and ViuPDGC, (Wyckoff et al.
2007; Wyckoff and Payne 2011). Both systems consist of a
monomeric PBP (VctP and ViuP) which delivers the fer-
risiderophore to the permease complex composed of two
distinct integral membrane permease proteins (VctDG and
ViuDG) and two identical ATPases (VctC and ViuC).
Another atypical ABC transporter is YbtPQ involved in
iron uptake by yersiniabactin, a phenolate-thiazoline sid-
erophore that is related to pyochelin in Yersinia pestis
(Perry and Fetherston 2011). YbtP and YbtQ are similar
inner membrane proteins, and both polypeptides contain
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an N-terminal membrane-spanning domain corresponding
to the permease moiety and a C-terminal ATPase; the two
probably function as a heterodimer in the transport of
ferriyersiniabactin (Fetherston et al. 1999; Perry and Fe-
therston 2011). It is still unclear whether a PBP is required
for this uptake system: there is no identifiable candidate
within the yersiniabactin locus. At last, FpvCFD,E,, an
ABC transporter involved in iron acquisition by pyover-
dine in P. aeruginosa, has two PBPs, FpvC, and FpvF
(Brillet et al. 2012). Sequence alignments clearly show
that FpvC and FpvF belong to two different sub-groups of
PBPs (Brillet et al. 2012). FpvC appears to be a metal-
binding PBP, whereas FpvF has homology with ferrisi-
derophore binding PBPs. In vivo cross-linking assays and
incubation of purified FpvC and FpvF resulted in the
formation of complexes between the two proteins (Brillet
et al. 2012). These complexes were able to bind fer-
ripyoverdine in vitro.

All the ATP-binding domains of all these ABC trans-
porters contain a Walker A motif (GxxGxGKS/T where x
can be any amino acid), the Walker B motif (hhhD where h
is a hydrophobic amino acid), the signature sequence that is
unique to the ABC transporter family (LSGGQQ/R/KQR),
the switch region that contains a His residue, and the
Q-loop that has a conserved Gln (Krewulak and Vogel
2008). BtuBCD, the vitamin B12 importer from E. coli
(Borths et al. 2002; Locher et al. 2002), and HmuUYV, the
heme ABC transporter in Y. pestis (Woo et al. 2012), are
currently the only ABC transporters for which there are
high-resolution visualizations of the structure. So far, no
ABC transporter involved in ferrisiderophore import has
been crystallized or the structure solved. However, the
structures of two PBPs have been solved: FhuD, the
ferrichrome PBP in E. coli (Clarke et al. 2000, 2002); and
CeuE, the ferrienterobactin PBP in Campylobacter jejuni
(Muller et al. 2006). They are composed of two lobes
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separated by a deep cleft that harbors the substrate-binding
site [for reviews on the structures of these proteins see
(Krewulak and Vogel 2008; Chu and Vogel 2011)].

Ferrisiderophore transport across the cytoplasmic
membrane exhibits less specificity than that across the
outer membrane, and PBP-dependent ABC transporters
may have some flexibility in their ligand specificities. The
ferric hydroxamate uptake system of E. coli facilitates the
transport of various hydroxamate siderophores, including
ferrichrome, coprogen, ferrioxamine B, and aerobactin,
each of which requires its cognate TBDT at the outer
membrane (FhuA, FhuE, FhuF, and Iut, respectively)
(Braun et al. 1998). FepB, the PBP of the ABC transporter
FepBCD in E. coli, transports both ferrienterobactin and
ferridihydroxybenzylserine across the inner membrane
(Elkins and Earhart 1989; Stephens et al. 1995). By con-
trast, bacteria may also express two ABC transporters for
just one siderophore. It is the case of Vibrio cholerae,
which, to import iron, uses the catechol siderophores vib-
riobactin (Wyckoff et al. 2007) that is synthesized and
secreted, and enterobactin, a xenosiderophore (Mey et al.
2002). Ferrivibriobactin is transported across the outer
membrane by its TBDT ViuA (Butterton and Calderwood
1994) and ferrienterobactin by VctA or IrgA (Mey et al.
2002). These siderophores are transported across the inner
membrane by one of two periplasmic binding protein-
dependent ABC transporters, VctPDGC, or ViuPDGC,
(Mey et al. 2002), and not just by one as for the siderophore
pathways in E. coli.

Translocation of ferrisiderophores across the inner
membrane by proton-motive force-dependent
permeases

There is recent evidence that not only ABC transporters but
also permeases are involved in ferrisiderophore transloca-
tion across the cytoplasmic membranes. Cuiv et al. (2004)
were the first to demonstrate, through various different
approaches, that the permease RhtX alone is involved in
the transport of ferrirhizobactin 1021, a hydroxamate sid-
erophore produced by Sinorhizobium meliloti. Its gene,
rhtX, maps in the region encoding rhizobactin 1021 bio-
synthesis genes in S. meliloti, and this chromosomal locus
has no obvious import ABC transporter potentially
involved in ferrisiderophore translocation across the inner
membrane. The second example in the literature of a per-
mease involved in ferrisiderophore transport across the
inner membrane is FptX for the uptake of ferripyochelin by
P. aeruginosa: fptX maps close to the gene cluster encod-
ing enzymes for pyochelin biosynthesis and ferripyochelin
import across the outer membrane. In this region, there is
no confirmed cytoplasmic membrane transporter of the

ABC transporter family. Mutation of fprX by allelic
replacement delayed, but did not entirely abolish, pyoch-
elin utilization (Michel et al. 2007). It appears that, in the
absence of FptX, ferripyochelin may enter the cytoplasm
by an alternative transporter or accumulates in the peri-
plasm with a slower kinetic. By contrast, the uptake of iron
by enantiopyochelin [an enantiomer of the P. aeruginosa
siderophore pyochelin (Youard et al. 2007; Hoegy et al.
2009; Brillet et al. 2011)] into the cytoplasm of Pseudo-
monas fluorescens was found to involve a classical PBP-
dependent ABC transporter (FetCD,E;) (Reimmann 2012).
Another example is FiuB for the uptake of ferrichrome
across the inner membrane in P. aeruginosa (Hannauer
et al. 2010). In E. coli, the ABC transporter FhuDBC, is
responsible for this step (Mademidis et al. 1997; Madem-
idis and Koster 1998), but no homologue of this ABC
transporter could be found in the P. aeruginosa genome.
Mutation of FiuB permease completely abolished ferri-
chrome uptake (Hannauer et al. 2010). Finally, YbtX in
Y. pestis also shares similarities with RhtX, FiuB, and FptX
(Fetherston et al. 1999; Perry and Fetherston 2011); how-
ever, a Y. pestis fbtX mutant is not defective in iron uptake
via yersiniabactin siderophore (Fetherston et al. 1999;
Perry and Fetherston 2011). Note that in such mutants, the
YbtPQ ABC transporter also encoded at the same locus
may perform this step of the transport in the absence of
YbtX. Therefore, the function of YbtX remains unclear.
RhtX, FptX, and FiuB appear to be members of a novel
family of permeases that function as single-subunit trans-
porters of siderophores at the inner membrane to facilitate
the uptake of ferrisiderophore complexes. They are found
in a variety of species, including S. meliloti and P. aeru-
ginosa. These transporters show similarity to a number of
uncharacterized proteins, which are all encoded proximal
to genes that are either known to be or predicted to be
involved in iron acquisition (Cuiv et al. 2004). It is striking
that none of the members of this novel family of permeases
has associated proteins that function as chaperones of the
ferrisiderophores across the periplasm. In these iron uptake
pathways, the ferrisiderophore complexes must be either
transferred directly from the TBDTs to the inner membrane
permeases or diffuse freely in the periplasm before being
caught by the permease-binding site. These permeases also
share similarity with the permeases of the AmpG family
from E. coli. AmpG is a permease for muropeptides
involved in cell wall recycling and that generates signal
molecules for the induction of B-lactamase; it is dependent
on the proton-motive force (Jacobs et al. 1994; Cheng and
Park 2002). No such proton-motive force-dependence has
been demonstrated for RhtX, FptX, or FiuB. Clearly, fur-
ther investigations are necessary for this permease family,
and in particular, to assess their dependence on the proton-
motive force, to elucidate the mechanism of transfer of
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ferrisiderophores across the periplasm and the inner
membrane, and to identify other siderophore pathways
using these transporters.

Mechanisms of iron release from siderophores

Ferrisiderophore complexes are thermodynamically very
stable, and the mechanism of iron release from sidero-
phores is a complex issue. Three mechanisms have been
proposed: hydrolysis of the siderophore, proton-assisted
dissociation of the complex, and reduction of the metal
center [siderophores having a lower affinity for Fe(Il) than
for Fe(IIT)] (Barchini and Cowart 1996; Albrecht-Gary and
Crumbliss 1998; Dhungana et al. 2005). Siderophore
hydrolysis has a major disadvantage: the metabolic cost
associated with the constant production of siderophores by
bacteria is substantial. A proton-assisted mechanism for
iron release would involve an extremely low pH, and this is
not consistent with the intracellular pH of bacteria. The
iron reduction model faces the problem that the redox
potentials of many siderophores are much more negative
than those of most biological reducing agents, including
ascorbate, glutathione, and NADH (Creutz 1981; Williams
and Yandel 1982; Millis et al. 1993); consequently, iron
reduction for ferrisiderophore dissociation would have to
involve specific bacterial reductases or a strong Fe(Il)
chelator, which could shift the redox potential of the sid-
erophore complex to a more positive value or provide a
thermodynamic driving force for reduction through the
formation of a highly stable Fe’™ complex (Mies et al.
2006; Harrington and Crumbliss 2009). Nevertheless, this
has been confirmed by in vitro analysis of the dissociation
of ferrioxamine B by glutathione or ascorbate in the pres-
ence of the iron(Il) chelator, bathophenanthroline sulfonate
(BPDS) (Mies et al. 2006). In this study, a mechanism was
proposed in which a ternary complex is formed between
ferrioxamine B and BPDS in a rapid pre-equilibrium step,
followed by a rate-limiting reduction of the ternary com-
plex by glutathione or ascorbate. Reduction is followed by
arapid ligand exchange step by which iron is released from
ferrioxamine B to form a Fe(II)-(BPDS);. The existence of
this mechanism in vivo has not yet been demonstrated.
Indeed, bacterial ferrisiderophore dissociation mechanisms
have received little attention until now and only a very few
siderophore pathways have been investigated: those
involving the siderophores enterobactin, salmochelin,
ferrichrome, and their analogs. These studies indicate that
iron is released either by hydrolysis, or by modification of
the siderophore scaffold, and/or by reduction of the coor-
dinated ferric iron; they also reveal that this can occur in
either the cytoplasm or the periplasm, depending on the
siderophore pathway.

@ Springer

Ferrisiderophore dissociation in the bacterial cytoplasm

For most iron uptake pathways, iron is released from sid-
erophores in the cytoplasm after translocation of the fer-
risiderophore complexes across the cytoplasmic membrane
by either ABC transporters or permeases. The efficiency of
reduction is largely dependent on the ferrisiderophore
redox potentials (see above), which differ enormously
between different structural siderophore classes and
according to local proton activity and binding equilibria of
oxidized and reduced species. For the ferrienterobactin
pathway in E. coli (Fig. 3), after translocation of ferri-
enterobactin across the outer and inner membranes by
FepA or FiuA and Cir (TBDTs) and FepBC,D, (ABC
transporter), a cytoplasmic esterase, Fes, hydrolyzes the
siderophore to release the metal ion (Brickman and
Mclntosh 1992). Equivalent enzymes, IroE and IroD, have
been identified in E. coli and Salmonella for the uptake of
iron via salmochelin S4, a double C-glucosylated ente-
robactin (Lin et al. 2005; Zhu et al. 2005). Ferrisalmochelin
S4 is taken up by E. coli by IroN (TBDT) (Fig. 3) (Hantke
et al. 2003) and may be cleaved in the periplasm by IroE, a
periplasmic hydrolase, to form the linear trimer, ferri-
salmochelin S2, which is taken up by IroC (Zhu et al.
2005). In the cytoplasm, ferrisalmochelin S2 binds IroD
and is cleaved to give the dimer salmochelin S1, the
monomer salmochelin and 2,3-dihydroxybenzoylserine
(Zhu et al. 2005). It also has been suggested that peri-
plasmic IroE only hydrolases salmochelin and that the apo
siderophore is exported (Lin et al. 2005). Further work is
necessary to identify the exact role of IroE. Bacillus sub-
tilis, a Gram-positive bacterium, secretes the cathecholic
trilactone siderophore bacillibactin for ferric iron scav-
enging. BesA (previously called Yuil) was the first trilac-
tone hydrolase to be described in a Gram-positive
bacterium: it catalyzes ferribacillin hydrolysis leading to
cytosolic iron release (Miethke et al. 2006; Abergel et al.
2009). Recent data suggest that this cathecholate sidero-
phore hydrolysis may be associated with iron reduction, at
least in E. coli, by the NADPH-dependent reductase YdjH
(Miethke et al. 2011). Proteins of this family are wide-
spread among bacteria and often associated with sidero-
phore utilization. YdjH can catalyze the release of iron
from a variety of iron chelators, including ferritricatecho-
lates and ferridicitrate, displaying the greatest efficiency
for the hydrolyzed ferrienterobactin complex ferri(2,3-di-
hydroxybenzoylserine); (Miethke et al. 2011). In this case,
YqjH catalyzes reductive iron release in a step that directly
follows the trilactone backbone hydrolysis of ferric ente-
robactin (Miethke et al. 2011).

In E. coli, iron release from desferrichrome (Fig. 4a),
coprogen and ferrioxamine also occurs in the cytoplasm and
involves iron reduction by the enzyme FhuE (Matzanke
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Fig. 4 Ferrichrome pathway in

E. coli and in P. aeruginosa. All A
TBDT transporters are

represented in pink, the TonB
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ferrisiderophore import ABC
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et al. 2004). Iron reduction and dissociation from desferri-
chrome is followed by acetylation of the siderophore to
decrease its affinity for iron, and its excretion into the
growth medium (Hartman and Braun 1980). The amino acid
sequence of FhuE does not show significant similarities to
sequences of any other known proteins. However, in
P. aeruginosa, Rhizobium leguminosarium and Rhizobium
meliloti, homologues of the FhuE gene are found (Capela
et al. 2001; Llamas et al. 2006). In P. aeruginosa (Fig. 4b),
as in E. coli, iron dissociation from desferrichrome involves
acetylation by FiuC and probably iron reduction (Hannauer
et al. 2010). Like in E. coli, acetylated desferrichrome is
recycled into the extracellular medium by an unknown
mechanism (Hannauer et al. 2010).

All these different strategies to release iron from the
siderophore in the bacterial cytoplasm seem to require both
an iron reduction step and inactivation or complete
hydrolysis of the siderophore to prevent metal chelation in
the cytoplasm.

Ferrisiderophore dissociation in bacterial periplasm

Iron release from the siderophore pyoverdine has been
observed in the periplasm in the case of P. aeruginosa
(Fig. 5): the iron is released from the chelator by a process
involving no chemical degradation or modification of
pyoverdine, but apparently based on iron reduction
(Greenwald et al. 2007; Yeterian et al. 2010). Apo pyov-
erdine is then recycled from the periplasm into the extra-
cellular medium by the efflux pump PvdRTOpmQ and is
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able to chelate another iron ion in the microorganism’s
environment (Schalk et al. 2002; Imperi et al. 2009; Yete-
rian et al. 2010). This system has the advantage of reutil-
izing intact siderophores and, thus, avoiding the substrate
and energy costs associated with their de novo biosynthesis.
The involvement of a reduction step was shown by work
with a pyoverdine-Ga complex (Greenwald et al. 2007;
Yeterian et al. 2010). Gallium has the same coordination as
iron but only exists in the Ga(Ill) form and, therefore,
cannot be reduced. The pyoverdine-Ga complex accumu-
lated in the bacterial periplasm when incubated with P.
aeruginosa and no metal-siderophore dissociation or py-
overdine recycling into the extracellular medium were
observed; this suggests that with iron, there is a reduction
step allowing metal release from the pyoverdine-Fe(III)
complex. The proteins involved in this iron reduction have
not been identified. However, an ABC transporter
FpvCFD,E, with two PBPs (FpvC and FpvF, already
described above, Fig. 2) have been shown to be involved in
this iron uptake pathway (Brillet et al. 2012). Deletion of
FpvCFD,E, partially inhibited cytoplasmic uptake of *°Fe
in the presence of pyoverdine and markedly slowed the
in vivo kinetics of iron release from the siderophore. Since
FpvC appears to be a metal-binding PBP whereas FpvF has
homology with ferrisiderophore binding PBPs, the current
model is that both FpvC and FpvF participate in the peri-
plasmic dissociation of ferripyoverdine: there may be a
dissociation mechanism in which FpvC-FpvF-ferripyo-
verdine dissociates into FpvC-Fe and FpvF-pyoverdine, and
then FpvD,E, transports siderophore-free iron across the

inner membrane. In support of this model, mass-
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Fig. 5 Pyoverdine pathway in
P. aeruginosa. TBDT
transporters are represented in
pink, the TonB proteins in grey,
ferrisiderophore import ABC
transporters with the
corresponding PBPs in blue and
the siderophore efflux system in
brown. For details and an
explanation, refer to the text

Outer membrane

Periplasm
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spectrometry analyses clearly showed that apo pyoverdine
binds more efficiently to FpvF than to FpvC (Brillet et al.
2012). How FpvC and FpvF contribute to the ferripyover-
dine dissociation process has not been elucidated. Does the
binding of these two PBP to the ferrisiderophore complex
shift the redox potential of the ferripyoverdine complex to a
more positive value or does FpvC provide a thermodynamic
driving force for reduction through the formation of a
highly stable FpvC-Fe(Il) complex? These questions
remain unresolved and further studies are necessary to
elucidate this mechanism and identify the reductase.

The pyoverdine pathway is the only described example
of iron uptake via siderophores involving iron release in the
bacterial periplasm, and not in the cytoplasm, followed by
transport of siderophore-free iron across the inner mem-
brane. It would be interesting to determine whether similar
mechanisms are present in other pathways.

The cytoplasmic iron pool

Iron release from siderophores mostly involves an iron
reduction step. The iron used in the bacterial cytoplasm is
mostly in the form of Fe(Il) (ferrous iron), for example for
incorporation into iron-requiring enzymes and incorpora-
tion into ferritins (iron storage proteins). However, this
iron form is also Fenton active and thus deleterious.
Therefore, it is likely that the ferrous iron after dissocia-
tion from the siderophore is bound by a chaperone or
other Fe(Il) chelator for sheltered intracellular transfer of
the ion to the storage protein ferritin or to other metal-
loproteins. What compounds are available to coordinate
cytoplasmic Fe’™? An oligomeric sugar phosphate has
been identified as being able to bind iron intracellularly
released from ferrichrome or ferrioxamine in E. coli
(Bohnke and Matzanke 1995) and may serve as a Fe(Il)
chaperone in the bacterial cytoplasm. Citrate also binds
Fe(II) under cytoplasmic conditions, and Fe(II)-citrate has
been suggested to be a major component of the labile iron
cytoplasmic pool (Morley and Bezkorovainy 1983).
However, Fe(Il)-citrate is susceptible to autoxidation at
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pH 7.0 (Harris and Aisen 1973) and therefore it is likely
that there is another ligand capable of coordinating Fe(Il)
in the cytoplasm. Glutathione is a candidate: it is widely
distributed in the bacterial cytoplasm, and out-competes
citrate for Fe(Il) binding at pH 7.0 (Hider and Kong
2011b). Moreover, Fe(IIl) is rapidly reduced to Fe(Il) in
the presence of glutathione (Hamed et al. 1983), such that
although the auto-oxidation of cytoplasmic Fe(I)-gluta-
thione will occur at a slow rate, the resulting Fe(III) will
be rapidly reduced back to Fe(Il) (Hider and Kong
2011b). Therefore, Fe(Il)-glutathione may be the most
abundant form of iron in the bacterial cytoplasm (Hider
and Kong 2011Db).

Conclusion

For many years, the three iron uptake pathways in E. coli
(ferrichrome, enterobactin, and citrate) were the dominant
models in the field, and it was believed that the molecular
mechanisms involved in these pathways would apply to all
siderophores in all Gram-negative bacteria. However, in
recent years, three pathways in P. aeruginosa (pyoverdine,
pyochelin and ferrichrome), the yersiniabactin pathway in
Yersinia pestis, and vibriobactin in Vibrio cholera have also
been investigated in detail. The findings reveal uptake
across the outer membrane by TBDT in all cases, but
diverse molecular mechanisms in the downstream steps of
iron release from the siderophore, with differences
depending on the nature of the siderophore and the bacterial
species. Analysis of numerous bacterial genomes suggests
that the mechanisms at play are probably even more diverse.
For example, the Nitrosomonas europaea genome contains
42 ferrisiderophore TBDT genes (Chain et al. 2003) indi-
cating that this bacterium may use a large number of sid-
erophores. Despite the plethora of TBDTs in N. europaea,
genome annotation revealed only one set of three genes that
were homologues of PBP-dependent ABC transporter sys-
tems. This single ABC transporter system may serve as the
convergence point for transport of iron or ferrisiderophores
across the cytoplasmic membrane. Either iron is released
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from the siderophores in the bacterial periplasm of
N. europae with only ferrous iron being imported into the
cytoplasm by this single ABC transporter, or this transporter
has a PBP recognizing a very wide range of siderophores.
During evolution, bacteria have developed a large number
of siderophore pathways using chelators with very different
chemical structures, each requiring a corresponding TBDT
for translocation across the outer membrane. It is entirely
plausible that this is associated with a large diversity of
molecular mechanisms for both the transport of iron by
siderophores across the cytoplasmic membrane and ferris-
iderophore dissociation. Indeed, these numerous sidero-
phores produced by microorganisms have diverse chemical
structures, various affinities and stoichiometries for iron
chelation, and different redox potentials, consistent with
there being numerous strategies involving different
enzymes for extracting the metal. In this context, it is
important to investigate iron acquisition by large numbers
of disparate siderophores and by diverse bacteria if we are
to get a full picture of all the strategies deployed by
microorganisms to acquire iron.
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