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Structural biology of bacterial iron uptake
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Abstract

To fulfill their nutritional requirement for iron, bacteria utilize various iron sources which include the host proteins transferrin and lactoferrin,
heme, and low molecular weight iron chelators termed siderophores. The iron sources are transported into the Gram-negative bacterial cell via
specific uptake pathways which include an outer membrane receptor, a periplasmic binding protein (PBP), and an inner membrane ATP-binding
cassette (ABC) transporter. Over the past two decades, structures for the proteins involved in bacterial iron uptake have not only been solved, but
their functions have begun to be understood at the molecular level. However, the elucidation of the three dimensional structures of all components
of the iron uptake pathways is currently limited. Despite the low sequence homology between different bacterial species, the available three-
dimensional structures of homologous proteins are strikingly similar. Examination of the current three-dimensional structures of the outer
membrane receptors, PBPs, and ABC transporters provides an overview of the structural biology of iron uptake in bacteria.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Iron is an important micronutrient for virtually all living
organisms except lactic acid bacteria where manganese and
cobalt are used in place of iron [1]. Under physiological
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conditions, iron can exist in either the reduced ferrous (Fe2+)
form or the oxidized ferric (Fe3+) form. The redox potential of
Fe2+/Fe3+ makes iron extremely versatile when it is incorporated
into proteins as a catalytic center or as an electron carrier [2–5].
Thus iron is important for numerous biological processes which
include photosynthesis, respiration, the tricarboxylic acid cycle,
oxygen transport, gene regulation, DNA biosynthesis, etc.

Although iron is abundant in nature, it does not normally
occur in its biologically relevant ferrous form. Under aerobic
conditions, the ferrous ion is unstable. Via the Fenton reaction,
ferric ion and reactive oxygen species are created, the latter of
which can damage biological macromolecules [6,7].

Fe2þ þ H2O2→Fe3þ þ OHd þ OH− ð1Þ

The ferric ion aggregates into insoluble ferric hydroxides.
Because of iron's reactivity, it is sequestered into host proteins
such as transferrin, lactoferrin, and ferritin. Consequently, the
cellular concentration of the ferric ion is too low for
microorganisms to survive by solely using free iron for survival.

Microorganisms overcome this nutritional limitation in the
host by procuring iron either extracellularly from transferrin,
lactoferrin, and precipitated ferric hydroxides or intracellularly
Fig. 1. Schematic representation of iron uptake in Gram-negative bacteria. There are nu
from transferrin, siderophores, or heme. All of these uptake pathways require an outer m
have all three systems; but some have more than one type. Transport through the outer
from hemoglobin. This is accomplished by microorganisms via
two general mechanisms: iron acquisition by cognate receptors
using low molecular weight iron chelators termed siderophores
and receptor-mediated iron acquisition from host proteins
(Fig. 1). The main difference between these two mechanisms
is that siderophores and heme can be taken up by the bacterial
cell as intact molecules whereas iron must be extracted from
host carrier proteins such as transferrin or lactoferrin prior to
being transported into the bacterial cell.

The uptake of iron from transferrin, lactoferrin, hemoglobin,
and siderophores has been identified in both Gram-negative and
Gram-positive bacteria. In Gram-negative bacteria, the outer
membrane is a permeability barrier, protecting the bacterium
from toxins, degradative enzymes, and detergents. The presence
of trimeric β-barrel proteins termed porins in the outer mem-
brane allows for passive diffusion of small solutes that have a
molecular weight less than 600 Da [8]. Transferrin, lactoferrin,
hemoglobin, and most ferric-siderophore complexes exceed the
molecular weight cut off of porins and thus require specific outer
membrane receptors for uptake into the periplasmic space. All of
these iron uptake pathways involve an outer membrane receptor,
a periplasmic binding protein (PBP), and an inner membrane
ATP-binding cassette (ABC) transporter. The Gram-negative
outer membrane lacks an established ion gradient or ATP to
merous iron uptake pathways in Gram-negative bacteria which include iron uptake
embrane receptor, a PBP, and an inner-membrane ABC transporter. Not all bacteria
membrane receptor requires the action of the TonB system (TonB, ExbB, ExbD).



Fig. 2. Schematic representation of iron uptake in Gram-positive bacteria, which
unlike Gram-negative bacteria, lack an outer membrane. Therefore, the uptake
of iron from heme, siderophore, or transferrin, involves a membrane anchored
binding protein and a membrane-associated ABC transporter.

Fig. 3. Ribbon representations of (a) iron-free and (b) iron-bound FBP.
H. influenzae FBP also demonstrates the “Venus fly trap” mechanism often
found in PBPs. Alignment of the N-terminal domains of apo- and holo-FBP
reveal a 20° closure upon binding of a ferric ion. The structures of the N- and C-
terminal domains remain unchanged regardless whether iron is bound. The
individual domains rotate about a hinge created by the central β-strands
connecting the two domains.
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provide the energy for transport. This energy requirement is
accomplished through the coupling of the proton motive force of
the cytoplasmic membrane to the outer membrane via three
proteins: TonB, ExbB, and ExbD. Unlike Gram-negative
bacteria, Gram-positive bacteria have no outer membrane. A
cell wall composed of murein, polysaccharides, teichoic acids,
and cell wall proteins is all that separates the bacterial cytoplasm
from its environment. Uptake of an iron source involves a
membrane-anchored binding protein, which resembles the PBP
in Gram-negative organisms, as well as an ABC transporter (Fig.
2). Recent papers describe the molecular basis of iron uptake in
Gram-positive bacteria. However, when compared to Gram-
negative bacteria, there is still relatively little information on iron
transport in Gram-positive bacteria. The growing availability of
genome sequences of Gram-positive bacteria allow for the iden-
tification of genes that encode iron transporters that are related to
those found in Gram-negative bacteria. This review is limited to
a discussion of the structural biology of ferric ion uptake sys-
tems. We will focus mostly on Gram-negative bacteria. The iron
uptake systems involving transferrin, heme, and siderophores
will be briefly described with a more detailed description of
available structures of the components of these systems.

2. Transferrin/lactoferrin

Many pathogenic bacteria, such as Neisseria and Haemo-
philus, have specific outer membrane receptors that bind to the
host's glycoproteins transferrin and lactoferrin [9]. Transferrin
and lactoferrin each have a molecular weight of 80 kDa and they
are too large to pass through the bacterial outer membrane. Thus,
additional steps are required to remove iron from transferrin/
lactoferrin at the external surface. Extraction of the iron atoms
from transferrin and lactoferrin is thought to occur via the TbpB/
TbpA and LbpB/LbpA proteins, respectively. TbpB and LbpB
are 65 to 85 kDa proteins that are attached to the outer membrane
with an N-terminal lipid anchor [10]. TbpB, for example, may
act as an initial binding site for iron-saturated transferrin, faci-
litating its subsequent binding to TbpA [11]. TbpA and LbpA are
integral membrane proteins that are predicted to have large
surface loops that bind to transferrin and lactoferrin, respective-
ly, forcing the separation of the domains surrounding the iron-
binding sites to release iron [9–11]. The structures of TbpA/
TbpB or LbpA/LbpB have not yet been reported.

Once iron has been transferred into the periplasm, it is bound
by the ferric ion binding protein, FbpA, and shuttled to the
cytoplasmic membrane where it is transported into the
cytoplasm via the FbpB/FbpC cytoplasmic membrane trans-
porters. FbpA is a 37-kDa PBP found in the Neisseraceae and
Pasteurellaceae families. The structures of iron-free and iron
loaded Haemophilus influenzae and Neisseria sp. FbpA have
been determined [12–14] (Fig. 3). More recently, the structures
of the FBPs from several other Gram-negative strains have also
been determined [15–17]. Although transferrin and FbpA share
less than 20% sequence identity, the structure of FbpA has
remarkable similarity to the structure of one lobe of transferrin.
FbpA has a two-domain structure with two similarly folded
lobes consisting of an alternating α-helix/β-sheet structure
connected by two antiparallel β-strands. Comparison of the
apo- and holo-FbpA structures of H. influenzae reveal a 20°
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rotation of the two structural domains about the central β-
strands in a “Venus fly trap” domain mechanism (Fig. 3). The
Fe3+ ion binds in a cleft between the two domains. The Fe3+ ion
is octahedrally coordinated by two oxygens from Tyr195 and
Tyr196, an imidazole nitrogen from His9, a carboxylate oxygen
from Glu57, an oxygen atom from an exogenous phosphate, and
an oxygen atom from a water molecule [13] (Fig. 4a). In trans-
ferrin, the Fe3+ is coordinated by similar residues (Tyr92,
Tyr192, His253) except that Asp60 replaces Glu and the octa-
hedral coordination is completed with a bidentate (bi)carbonate
as the synergistic ion (Fig. 4b). It should be noted that the
Haemophilus FBP protein contains two adjacent Tyr residues,
in its binding site, a feature seen in all bacterial FBPs studied to
date (Table 1). In contrast, the two Tyr residues in transferrin are
on different domains and they play a role in the closing motion
of the iron-binding protein lobes. It was shown by extended X-
Fig. 4. The Fe3+ binding sites of (a) Neisseria meningitidis FbpA and (b) the N-
lobe of human transferrin. In each protein, the Fe3+ ion is coordinated by similar
ligands. In FbpA, two oxygens from Tyr195 and Tyr196, an imidazole nitrogen
from His9, a carboxylate oxygen from Glu57, an oxygen atom from an exo-
geneous phosphate, and an oxygen atom from a water molecule coordinate Fe3+.
In transferrin, the Fe3+ is coordinated by similar residues (Tyr92, Tyr192, His253)
except that Asp60 replaces Glu and a bidentate (bi)carbonate fulfills the
octahedral geometry preferred by Fe3+.
ray absorption fine structure analysis that a carbonate molecule
can also act as a synergistic anion forNeisseria FbpA, but unlike
transferrin, it binds in a monodentate fashion [18]. However,
binding of a synergistic anion, while an absolute requirement for
binding to transferrins, is not always required for bacterial FBPs,
as illustrated by the structure of Campylobacter jejuni and Y.
enterocolitica FBPs [19,20]. Moreover, while Fe3+ normally has
a strong preference for an octahedral six coordination in two
FBP proteins from Mannheimia haemolytica and C. jejuni only
5 ligands coordinate Fe3+ (see Table 1).

3. Heme as an iron source

Under conditions of iron starvation, microorganisms must
use all of the iron sources found in their environment. The
majority of iron in the body is stored intracellularly in the host
proteins ferritin and hemoglobin. The iron component of
hemoglobin, heme, can be utilized as a source of essential iron
for many microorganisms. Like iron itself heme is cytotoxic and
is sequestered by host hemoproteins such as hemopexin. To
overcome the limited access to heme, pathogenic bacteria
commonly secrete exotoxins such as hemolysins [21–23],
cytolysins [24], and proteases [25] that can lyse cells and
release the heme bound by host carrier proteins, such as
hemoglobins that reside in erythrocytes. For example, the
Escherichia coli hemoglobin protease (Hbp) was found to be
involved in the symbiosis of the pathogenic bacteria E. coli and
Bacteroides fragilis [26]. Hbp is part of the SPATE family
(serine proteinase autotransporters of Enterobacteriacae) and it
degrades hemoglobin, releasing heme to both bacterial species.
Autotransporters consist of the three following parts: an N-
terminal signal sequence to target the protein to the periplasm, a
passenger domain, and a C-terminal β-domain that forms a β-
barrel in the outer membrane, allowing the passenger domain to
pass across the outer membrane [27]. The structure of the apo-
form of the 110-kDa passenger domain of E. coli Hbp is the first
complete structure of a passenger domain [28]. The overall
structure consists of a long, right-handed β-helical stem
(residues 556 to 1048) with two protruding domains. Further
studies are required to understand how a heme molecule
interacts with Hbp and to determine if Hbp interacts with a
surface protein from either E. coli or B. fragilis.

Microorganisms have two elaborate mechanisms for acquir-
ing heme [29,30]. The first mechanism, the direct uptake of
heme or heme associated with host hemoproteins (hemoglobin,
hemoglobin–haptoglobin, heme-albumin, heme-hemopexin,
and myoglobin), has been identified in both Gram-negative
and Gram-positive bacteria [30,31]. In Gram-negative bacteria,
heme uptake involves a TonB-dependent outer membrane
receptor, a PBP, and an ABC transporter [32]. For example,
two receptors that utilize heme as an iron source have been
identified in Neisseria meningitidis: HpuA/HpuB [33–35] and
HmbR [36,37]. HpuA is a 36-kDa lipoprotein and HpuB is an
85-kDa, TonB-dependent, outer membrane receptor. The HpuA/
HpuB receptor is a two-component receptor analogous to TbpB/
TbpA. It binds hemoglobin, hemoglobin–haptoglobin, and apo-
haptoglobin [33,38]. HmbR is an 85-kDa outer membrane



Table 1
Comparison of the coordination spheres of ferric ion-binding proteins from different bacterial species, transferrin, and lactoferrin

Ferric binding protein Coordinating atomsa Anionb Coordination Reference

Haemophilus influenzae Glu57His9Tyr195Tyr196 H2O PO4
3−(1) 6 [13]

Neisseria sp. Glu57His9 Tyr195Tyr196H2O PO4
3−(1) 6 [18]

Pasteurella haemolytica Gln11Tyr142Tyr198Tyr199 formate ndc [15]
Mannheimia haemolytica Tyr142Tyr198Tyr199 CO3

2−(2) 5 [16]
Serratia marcescens His14Glu62Asp144Tyr198Tyr199 Citrate ndc [20]
Yersinia enterolitica His9Glu57Tyr195 Tyr 196 H2O None 6 [17]
Campylobacter jejuni His14 Tyr 15 Tyr 146 Tyr 202Tyr203 None 5 [19]
Transferrin Asp63Tyr95Tyr188His249 CO3

2−(2) 6 [154]
Lactoferrin Asp60Tyr92Tyr192 His253 CO3

2−(2) 6 [155]
a The atoms that coordinate the iron atom are listed with their residue number in superscript.
b The coordinating anions are either monodentate (1) or bidentate (2) to complete the coordination sphere.
c The apo structures of these proteins were determined thus their coordination geometries are not yet known.

Fig. 5. Ribbon representations of the (a) The NEAT domain of the S. aureus
IsdA protein colored according to secondary structure and the (b) C. jejuni
ChaN protein with domains I and II colored green and blue, respectively. The
heme molecules are shown in space-filling representation and are colored red.
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receptor that shares amino acid similarities with TonB-
dependent receptors [37]. Unlike HpuA/HpuB, HmbR is not a
two-component system and is specific only to hemoglobin
complexes [39].

The heme uptake systems of Gram-positive bacteria consist
of a cell surface protein and an ABC transporter [40]. For
example, the heme uptake system in Staphylococcus aureus
consists of the cell surface proteins IsdA, IsdB, and IsdH
responsible for the binding of hemopexin-heme, hemoglobin,
and haptoglobin-heme, respectively, covalently attached to the
cell wall [40,41]. The inner membrane transporter, IsdDEF,
transports the heme across the plasma membrane into the
bacterial cytoplasm where it is degraded to biliverdin, carbon
monoxide, and free iron by the heme monooxygenases IsdG and
IsdI [41,42]. With the sequencing of bacterial genomes, similar
heme uptake systems have been identified for many pathogenic
and non-pathogenic Gram-negative and -positive bacteria [31].
Some structures for the individual components of these heme
uptake systems are now becoming available.

For example, structures of the 125-residue heme binding
NEAT domains of the S. aureus IsdH and IsdA proteins have
recently been determined (Fig. 5a) revealing typical β-sandwich
structures, with the heme binding pocket lined by several Tyr
residues [43,44]. Importantly, a structure from the bacterial
ChaN heme transport lipoprotein was recently reported as well
[45] (Fig. 5b). While the role of this protein in heme utilization
by C. jejuni is not entirely clear, it represents a group of some 20
heme binding periplasmic proteins. The protein has a rather
asymmetric two-lobe structure, with the smaller domain II which
is exclusively α-helical, being responsible for the binding of the
heme. Surprisingly in the crystal structure, the protein is dime-
rized because two heme molecules stack on top of each other;
whether this dimerization occurs in vivo is presently unclear.
Spectroscopic studies reveal that a single Tyr residue plays a role
as an axial ligand to the ferric ion, in a similarmanner as the heme
bound tomyoglobin [46] or to the periplasmic ShuT protein from
Shigella dysenteriae [47]. The latter protein is related to the
siderophore-binding proteins discussed later, but binds an intact
heme molecule rather than a ferric–siderophore complex.

The second mechanism that bacteria use to extract iron from
heme uses specialized bacterial proteins, termed hemophores,
which acquire heme from the environment and bring it back to
the bacterial membrane for uptake through a specific transporter.
Hemophores have been identified in numerous Gram-negative
bacteria [48]. An example of a hemophore system is the heme
acquisition system or HAS that has been identified in Pseudo-
monas aeruginosa, Pseudomonas fluorescens, Serratia mar-
acescens, Yersinia entero colitica and Yersinia pestis [49,50].
The hemophore, HasA, is secreted into the bacteria's environ-
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ment by an ABC transporter composed of a cytoplasmic
membrane ABC protein HasD, a second inner membrane
protein HasE, and the outer membrane component, HasF
[30,48]. Once in the medium, HasA either binds free heme or
extracts heme from hemoproteins. The heme bound HasA
complex is presented to the outer membrane receptor HasR,
which can also recognize a wide variety of substrates including
free heme, hemoglobin, hemoglobin–haptoglobin, and heme-
albumin. Once the heme has been transported to the cytoplasm it
is degraded [51].

The only component of the hemophore-dependent heme
acquisition system for which a structure has been determined is
the hemophore, HasA, from Serratia marcescens [52,53] (N.
Wolff, N.Izadi-Pruneyre, J. Couprie, M. Habeck, J. Linge, W.
Rieping, C. Wandersman, M. Nilges, M.Dielpierre, A. Lecroi-
sey, unpublished data). The overall structure of HasA is
described as a “fish biting the heme” (Fig. 6) [52]. It is a 19-
kDa globular protein with a fold showing two faces: a highly
curved, 7-stranded antiparallel β-sheet that resembles the letter
“s” on one face and four α-helices packed on the other face. The
heme-binding pocket is solvent exposed, located between two
Fig. 6. Ribbon representations of the apo and holo forms of the hemophore HasA
from S. marcescens. The two residues that ligate the heme molecule (His32 and
Tyr75) are shown in stick representation. The heme molecule is colored red and
is shown in space-filling representation. The loop containing His32 closes on the
heme molecule upon its binding.
loops at the α/β interface of HasA. These loops are composed of
a number of hydrophobic residues involved in hydrophobic and
stacking interactions with the heme molecule. The Nε of His32
and the phenolate of Tyr75 are the axial iron ligands in this
pocket (Fig. 6). A third residue, His83, has been shown to
stabilize the Tyr75 Fe bond [52–55]. The importance
of His32, Tyr75, and His83 residues is apparent with the se-
quence alignment of HasA from S. marcescens, P. aeruginosa,
P. fluorescens, Erwinia carotovora, Y. pestis. Tyr75 and His83
are conserved between bacterial species. His32 is conserved
except for a Gln residue in Y. pestis. The two crystal structures
obtained at a pH of 4.6 (1B2V) [52] and pH 8.0 (1DKO) [53]
show that the Oγ of Tyr75 is hydrogen bonded to the NΔ1 of
His83. In contrast, the protein crystal structure obtained at a pH
of 6.5 (1DKH) reveals that His83 is in a different orientation
and hydrogen bonds with a water molecule, but no longer with
Tyr75 [53]. Moreover, the high B-factors and undefined
electron density for parts of the heme molecule suggest that
the heme molecule is more flexible and that His83 may con-
tribute to heme binding or release. However, this may not be the
only structural change involved in heme binding. A structural
overlay of the Cα backbones of apo-HasA (1YBJ) and holo-
HasA (1B2V) shows that no major structural changes occur
upon heme binding, with a root mean squared deviation of
1.3 Å, except for the rotation of the loop consisting of residues
Gly28 to Gly43 upwards of about 180° upon binding to heme
(Fig. 6). This results in His32 moving a total distance of 19.7 Å.

S. marcescens HasA has been further characterized with the
determination of a structure of the dimeric form of HasA
(DHasA) [56]. DHasA is a domain-swapped dimer composed of
two HasA molecules and two heme molecules. The overall
structure of each monomer of DHasA is similar to HasA; how-
ever, for DHasA to be identified as a domain swapped dimer, the
same structural elements must be swapped between the two
monomers. The domains consisting of residues 2–49 are
swapped. Although the axial heme ligand, His32, is contained
in this swapped domain, the heme binding sites of DHasA are
similar to the monomeric forms of HasA. The only difference is
that the heme binding sites of DHasA are less accessible to
solvent due to the domain swapping and the less flexible binding
pockets. Dimerization of HasAwas shown to not be an artifact of
crystallization nor a result of overexpression, but shown to exist
in the culture supernatant [56]. Additional studies demonstrating
that DHasA does not deliver its heme molecule to HasR but can
transfer a bound heme to a monomer of HasA suggests that
DHasA may have a role as a heme reservoir.

The HasR receptor is part of the TonB-dependent family of
outer membrane receptors [57]. Although the structure of the
HasR receptor has not yet been determined, sequence align-
ments, structural alignments, and functional similarities suggest
that S. marcescens HasR likely has the same cork and barrel
organization as the other outer membrane receptors to be
described in this review [58]. The model of S. marcescens HasR
identifies the three following domains: an N-terminal region
(residues 1 through 99), a cork domain (residues 100 through
239), and a β-barrel. Heme-bound HasA binds to HasR and the
transfer of the heme molecule to HasR is driven through this
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protein–protein interaction [59]. The overall structure of HasR
and the specific residues involved in interaction between HasA
and HasR will be determined with the imminent structure of a
HasA–HasR complex [60].

4. Siderophores

Under iron-limited conditions, many Gram-negative and
Gram-positive bacteria synthesize low molecular weight iron-
chelating compounds known as siderophores. The role of these
compounds is to scavenge iron from precipitates or host
proteins in the microorganism's extracellular milieu. Currently,
there are almost 500 compounds that have been identified as
siderophores [61]. Although siderophores differ widely in their
overall structure, the chemical natures of the functional groups
that coordinate the iron atom are not so diverse. Siderophores
incorporate either α-hydroxycarboxylic acid, catechol, or
hydroxamic acid moieties into their metal binding sites (Fig.
7) and thus can be classified as either hydroxycarboxylate,
catecholate, or hydroxamate type siderophores [62]. Of all of
the bacterial iron uptake pathways, the pathway for the uptake
of ferric siderophores is the most structurally well defined. The
individual components of this uptake pathway will be
discussed.
Fig. 7. Functional groups found in siderophores. Although the structures of side
Siderophores usually contain the following metal-chelating functional groups: (a) α
group is bidentate in that two oxygen atoms are involved in coordinating the iron ato
groups would make up an ideal Fe3+ binding site. Since Fe3+ is a hard metal ion it a
tetrahedral coordination and softer ligands such as nitrogen. Therefore, reduction of F
causes its release. A siderophore structure from each chemical class are shown as fo
enterobactin, (f) the mixed catecholate-hydroxamate siderophore anguibactin, and (g
4.1. Outer membrane receptors

Ferric–siderophore complexes exceed the molecular weight
cut off of porins and thus require specific outer membrane
receptors for their uptake into the periplasmic space. Crystal
structures have been determined for the E. coli outer membrane
hydroxamate, citrate, and enterobactin receptors FhuA, FecA,
and FepA, respectively, as well as for the P. aeruginosa
pyoverdine and pyochelin receptors FpvA and FptA, respec-
tively and the related TonB-dependent vitamin B12 (cobalamin)
receptor, BtuB [63–67]. The structures currently available in the
protein data bank (PDB) are listed in Table 2 and their structural
features are summarized in Tables 3 and 4. Although the
sequence identity between each pair of receptors is less than
20%, all of the receptors possess the same following structural
components: a 22 antiparallel β-stranded β-barrel and an N-
terminal globular domain (which may also be referred to as the
cork, plug, or hatch domain) (Fig. 8). The plug or cork domain
is located at the N-terminus of each of these receptors and, as its
name implies, it occludes the opening of the β-barrel (Fig. 10).

4.1.1. β-barrel domain
The β-barrel domain has the following three main features:

10 short periplasmic loops that range in length from 2 to 10
rophores may vary, the functional groups for Fe3+ coordination are limited.
-hydroxycarboxylic acid, (b) catechol, or (c) hydroxamic acid. Each functional
m. Since Fe3+ prefers a hexa-coordinate octahedral ligand sphere, three of these
lso prefers hard ligands, like oxygen. Fe2+ is a borderline metal ion that prefers
e3+ to Fe2+ drastically lowers the affinity of the siderophore for the metal ion and
llows: (d) hydroxamate siderophore ferrichrome, (e) the catecholate siderophore
) the hydroxycarboxylate siderophore rhizoferrin.



Table 2
Currently available structures of E. coli and P. aeruginosa outer membrane
receptors

Outer membrane receptor Resolution (Å) PDB code References

E. coli
BtuB 2.0 1NQE [74]
BtuB 2.7 1NQF [74]
BtuB+Ca2+ 3.31 1NQG [74]
BtuB+Ca2++vitamin B12 3.1 1NQH [74]
BtuB+colicin E3 receptor 2.75 1UJW [156]
Cir 2.65 2HDF [157]
Cir+colicin Ia 2.50 2HDI [157]
FecA 2.0 1KMO [66]
FecA+ferric-citrate 2.5 1KMP [66]
FecA 2.5 1PNZ [64]
FecA+iron-free dicitrate 2.15 1PO0 [64]
FecA+ferric-citrate 3.4 1PO3 [64]
FepA 2.4 1FEP [76]
FhuA 2.74 1BY3 [72]
FhuA+ferrichrome 2.6 1BY5 [72]
FhuA 2.5 2FCP [67]
FhuA+ferrichrome 2.7 1FCP [67]
FhuA+lipopolysaccharide+
rifamycin

2.9 1FI1 [63]

FhuA+ferrichrome 2.7 1QFF [158]
FhuA+lipopolysaccharide 2.5 1QFG [158]
FhuA 2.95 1QJQ [65]
FhuA+albomycin 3.1 1QKC [65]

P. aeruginosa
FpvA+pyoverdine 3.6 1XKH [79]
FptA 2.0 1XKW [80]

Table 4
Lengths of the extracellular loops for the outer membrane receptors

Extracellular loops Total Average

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 loop length

BtuB 3 21 13 12 11 3 18 4 12 20 18 135 12
FecA 9 8 22 2 12 5 18 13 16 24 6 135 12
FepA 7 28 22 21 30 3 37 13 12 25 34 232 21
FhuA 3 6 31 22 26 4 14 7 14 15 23 165 15
FptA 3 5 29 20 22 2 14 21 18 2 23 159 14
FpvA 3 6 32 11 30 4 15 17 13 8 25 164 15
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residues, the 22-strand β-barrel, and 11 extracellular loops.
Despite limited sequence similarity between the outer
membrane transporters BtuB, FecA, FepA, FhuA, FptA, and
FpvA, their 22-stranded β-barrels are shown to be structurally
similar when the Cα backbones of the β-barrels of the outer
membrane receptors are overlayed (Fig. 9). Moreover, the
angle of the β-strands relative to the axis of the β-barrel is 45°
for all of the receptors. The β-barrels are different in their
lengths and widths which makes their elliptical shapes vary
(Table 3) [68]. The height of the β-barrel varies considerably
from 55 Å (BtuB) to 70 Å (FepA). In all cases, the β-barrels
extend above the lipid bilayer. The β-barrel is stabilized by
inter-strand hydrogen bonds as well as salt bridges connecting
strands 1 and 22. Additionally, there is a highly conserved C-
terminal Phe (or Trp) residue in all outer membrane receptors
that is important for correct folding and insertion in the
bacterial outer membrane [69].
Table 3
Dimensions of the outer membrane receptor proteins

Outer membrane
receptor

Residues Cork
domain

β-barrel Dimensions (length,
width, height) (Å)

BtuB 594 6–132 137–594 44, 40, 55
FecA 741 80–221 222–741 47, 35, 65
FepA 724 1–153 154–724 40, 30, 70
FhuA 723 1–160 161–723 46, 39, 69
FptA 655 56–186 187–720 45, 40, 60
FpvA 772 129–276 277–815 45, 40, 65
All of the β-barrels have 11 extracellular loops labeled L1 to
L11 for all of the transporters. The lengths of these extracellular
loops can range from 2 to 37 residues (Table 4) consequently
comprising roughly 40% to 50% of the total β-barrel. The
extracellular loops can extend 30 to 40 Å above the outer
membrane. Their presumed role is to initially interact with the
ferric-siderophore as well as occlude the opening of the β-barrel
to prevent the access of unwanted solutes.

The structures of FhuA, BtuB, and FecA have been deter-
mined with and without their bound ligands ferrichrome, vita-
min B12, and ferric-dicitrate, respectively. The ligand-free and
ferric-citrate bound FecA β-barrel structures are virtually
identical [64]. The only conformational change involves the
closing of extracellular loops L7 and L8 towards the ferric-
citrate binding pocket. When L7 or L8 is deleted, ferric-citrate is
no longer bound or transported thus confirming the importance
of the loops [70]. The structure of FecA bound to iron-free
citrate does not have the closure of loops L7 and L8 [64]. Thus,
it is thought that ferric-citrate replaces the bound citrate
molecule. Once ferric-citrate is bound, a conformational change
occurs that includes the complete closure of extracellular loops
L7 and L8 upon the binding pocket thus preventing the escape
of ferric-citrate (Fig. 10). This closure translates into a
movement of 11 and 15 Å for L7 and L8, respectively. With
the closure of L7 and L8, residues Gln176, Gln570, and Asn721
are able to hydrogen bond with ferric-citrate. This loop closure
is not seen in the FhuA crystal structures regardless of the
binding of ferrichrome, albomycin, or rifamycin [63,65,67].
However, molecular dynamics simulations suggest that L8 of
FhuA closes the binding site upon binding ferrichrome in a
similar manner as seen with FecA [71]. The crystal structures of
FhuA bound to ferrichrome show that residues from the cork
domain (Arg81, Tyr116, and Gly99) and the β-barrel make
direct hydrogen bonds or van der Waals contacts with the
ferrichrome molecule [67,72]. Tyr244 and Trp246 of L3 and
Phe693 of L11 are involved in ferrichrome binding [67].
Deletion of L3 or L11 abolished ferrichrome binding and
transport [73]. The deletion of L8 which closed during the
molecular dynamics simulations, however, had little effect on
ferrichrome transport and increased the level of ferrichrome
binding with respect to wild-type FhuA. Thus, the extracellular
loops L3 and L11 are important for siderophore binding
although it is unknown at present if they close upon ferrichrome
binding in a similar manner to L7 and L8 of FecA.

In the structure of ligand-free BtuB, loops L2, L3, and L4 are
disordered [74]. L2 and L3 become ordered upon binding of



Fig. 9. Superposition of the Cα backbones of BtuB, FpvA, FepA, FecA, and
FhuA. Alignment was done using Swisspdb viewer and Molmol. Notice that all
the outer membrane receptors have a 22 antiparallel β-stranded barrel. The
lengths of the extracellular loops vary between structures and, for clarity, have
been removed from the figure.

Fig. 8. Outer membrane siderophore receptors from E. coli and P. aeruginosa.
Ribbon representations of the (a) vitamin B12 (BtuB), (b) E. coli ferric-citrate
(FecA), (c) ferric-enterobactin (FepA), (d) ferric-hydroxamate (FhuA), (e) P.
aeruginosa pyochelin (FptA), and (f) P. aeruginosa pyoverdin (FpvA) receptors.
The mixed α–β globular (cork) domain is colored green while the 22-strand β-
barrel is colored blue.
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Ca2+ and all three loops are well defined upon the binding of
vitamin B12 [74]. No dramatic loop movement occurs upon
vitamin B12 binding. However, because vitamin B12 is a much
larger molecule than the ferric-siderophores and the extracel-
lular loops of BtuB are shorter than ferric-siderophore receptors,
it may not be possible for the extracellular loops to fold com-
pletely over vitamin B12. Deletion studies demonstrated that the
loops of BtuB are important. The deletion of L7, L8, L9, and
L11 greatly decreased vitamin B12 binding [75]. Although it is
possible that FhuA and BtuB have different mechanisms than
FecA for binding and transporting their ligands, it is difficult to
determine this on the basis of crystal structures alone. Crystal
contacts could explain the lack of loop movements. Crystal
packing involving the extracellular loops was not only observed
for BtuB and FhuA, but also for FepA crystals that were soaked
with ferric-enterobactin [76]. In the latter case, no interpretable
density was present to model the bound ferric-enterobactin. This
was likely due to the presence of both ferric-enterobactin bound
FepA and ligand-free FepA in the unit cell. The formation of
crystal contacts through the interaction of the extracellular loops
prevented their closure upon the bound ferric-enterobactin thus
allowing its escape. Additionally, the crystallization environ-
ment is not physiological because of the usually higher ionic
strength, the lack of a membrane environment, and the presence
of detergents. Lastly, the presence of polyethylene glycols (33%
PEG2000 for FhuA and 28–32% PEG1000 for FepA) create
osmotic stress. If there is an alteration in the hydration of the
protein upon binding of the siderophore, the conformational
change may not occur under conditions of osmotic stress. This
has been suggested to explain the lack of conformational change
observed for the TonB box of BtuB that will be discussed in the
following section.

4.1.2. Cork domains
An N-terminal domain (referred to either as the cork, the

plug, or the hatch domain) occludes the β-barrel. The structures
of the cork domains of FepA, FhuA, FecA, FpvA, FptA, and
BtuB all possess a central mixed four-stranded β-sheet with
surrounding loops and helices (Fig. 11). The cork domain is
kept in place in the β-barrel by 40–70 hydrogen bonds as well
as two salt bridges created from four highly conserved residues:
two Arg residues in the globular domain and two conserved Glu
residues in the β-barrel domain. The features of the cork domain
includes apices A, B, and C that are involved with siderophore
binding, a TonB box near the N-terminus, and in the case of
FecA and FpvA, an N-terminal extension that regulates
transcription. Both the extracellular loops and residues located
on the apices of the N-terminal cork domain are involved in
siderophore binding. The specific interactions with the ligands



Fig. 10. Ribbon representations of the crystal structures of (a) ligand-free and (b) FecA bound to ferric citrate. The 22-β strand barrel is depicted in ribbon format and
the N-terminal cork domain is in space-filling format. The binding of ferric citrate (colored orange) induces a conformational change in the extracellular loops L7
(cyan) and L8 (red) such that the solvent accessibility of ferric citrate is reduced.
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and the apices were described for FhuA bound to albomycin
[65] or ferrichrome [67], BtuB bound to vitamin B12 [74], and
FecA bound to ferric-citrate [64]. Although the apices of the
cork domains are involved with ligand binding, they are not the
most important component. A study by Scott et al. constructed
hybrid proteins of FepA and FhuA in which the cork domain of
FepA was replaced with the cork domain of FhuA and vice
versa [77]. The empty FepA and FhuA β-barrels selectively
bound ferric-enterobactin and ferrichrome, respectively, with
wild-type activity. The FepA β-barrel and FhuA cork domain
hybrid and the FhuA β-barrel and FepA cork domain hybrid
also bound and transported the ferric-enterobactin and ferri-
chrome, respectively.

The largest changes that accompany ligand binding occur in
the N-terminal cork domain. For example, in the structures of
FhuA and FhuA bound to ferrichrome, a helix (residues 24 to
29) termed the “switch helix” unwinds when ferrichrome is
bound [63,65,67]. This unwinding changes the position of
residues comprising the α-helix with the most dramatic
movement involving residue Glu19 which moves close to
17 Å; a significant distance of roughly half the width of the
transporter (40 Å). The situation for FecA is different with only
partial unwinding of the switch helix (residues 94 to 99) upon
siderophore binding [64,66]. The first two residues unwind, but
no large displacement of the residues is observed upon ferric-
citrate binding. To compare with FhuA, one of the residues that
unwinds, Asn95, moves 1.1 Å whereby the second residue of
the switch helix of FhuA moves 6 Å. The significance of the
switch helix lies in the role of an area of the cork domain termed
the TonB box. This is an N-terminal sequence that interacts with
the periplasm spanning protein, TonB. This interaction serves to
power the siderophore transport through the outer membrane
receptor by coupling the proton motive force of the cytoplasmic
membrane with the outer membrane. The unwinding of the



Fig. 12. Ribbon representation of the entire FecA structure. The N-terminal
signaling domain (residues 1–79, PDB: 2DIU) is colored red, the β-barrel
(residues 81–741, PDB: 1KMO), and the cork domain is colored green (residues
80–221, PDB: 1KMO). For clarity, β-strands from the front section of the β-
barrel have been removed. The N- and C-termini of the N-terminal signaling
domain (residues 1–79) of E. coli FecA are labeled. The position of the FecA N-
terminal signaling domain is arbitrary.

Fig. 11. Ribbon diagrams of the cork domains from the different outer mem-
brane receptors. The cork domains from (a) FecA, (b) FepA, (c) FhuA, (d) BtuB,
(e) FpvA, and (f) FptA all show a similar structure with central mixed β-sheet
with varying numbers of surrounding α-helices.
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switch helix causes a conformational and positional change of
the TonB box, resulting in signal transduction to TonB by direct
physical contact. The TonB box in the ligand-bound FecA and
FhuA structures are disordered and cannot be modeled to the
electron density thus indicating their increased mobility upon
siderophore binding.

However, in the case of BtuB the TonB box is ordered in both
the ligand-free and ligand-bound crystal structures. Spectro-
scopic techniques demonstrated that this TonB box goes from a
folded to an unfolded state upon substrate binding [78]. The
spectroscopic techniques also demonstrated that, under osmotic
stress similar to the crystallization conditions of BtuB, the
conformational change involving the TonB box does not occur.
Nonetheless, despite the availability of structures of the ligand-
free and bound forms of the outer membrane receptors, it is not
evident how the ferric-siderophore travels from the upper
binding pocket, past the cork domain, into the periplasm. It is
known that energy transfer from the cytoplasmic membrane to
the outer membrane receptor promotes ligand internalization.
However, it is unknown whether the ligand is transported via the
formation of a channel or by the partial or complete displacement
of the cork domain. The former is generally the more accepted
theorymainly because the energetic barrier that would have to be
overcome by breaking the salt bridges and upwards of 50
hydrogen bonds that occur between the cork domain and the β-
barrel [67,76,79,80]. The formation of a transient channel has
been confirmed in a study where site-directed disulfide cross-
linking tethered the cork domain to the β-barrel of FhuA [81].
The uptake of the ferrichrome analog ferricrocin was similar to
that of wild-type FhuA which demonstrated that the complete
removal of the cork domain is not necessary for siderophore
transport. Detailed analysis of the crystal structures of outer
membrane transporters reveals that the interface between the β-
barrel and the cork domains are filled with both non-bridging
waters (hydrogen bond either to the cork domain or the β-barrel)
and bridging waters (hydrogen bond with both the cork and the
β-barrel) [82]. This extensive hydration, composed mostly of
non-bridging waters, resembles that of a transient protein com-
plex and suggests that the outer membrane protein is favorable to
conformational change. Thus, only a modest mechanical force
on the cork domain may be sufficient to induce a conformational
change. This was demonstrated by steered molecular dynamic
simulations of TonB in complex with the Ton box of BtuBwhere
TonB acts as a tether and pulls at the cork domain of BtuB [83].
This pulling results in the partial unfolding of the cork domain,
exposing a transient channel that is large enough to allow the
substrate to pass through the β-barrel and into the periplasm.

Alternatively, a recent paper demonstrates the removal of the
cork domain [84]. Cysteine substitutions were generated for
various residues in the loops, β-barrel, and the N-terminal cork
domain of FepA. The susceptibility of the cysteine sulfhydryl
groups to a fluorophore represented the structural changes that



Fig. 13. Ribbon representation of (a) FhuD bound to gallichrome, (b) BtuF bound
to vitamin B12, (c) TroA bound to Zn2+, and (d) CeuE bound to ferric-mecam.
Gallichrome, vitamin B12, Zn

2+, and ferric-mecam are colored orange, red, yellow,
and blue, respectively, and are displayed in space-filling format. Although there is
little sequence homology between FhuD, BtuF, TroA, and CeuE, they all have a
similar fold consisting of two independently folded domains connected by a long
backbone α-helix.
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occur upon ferric-enterobactin binding and transport. Structural
rearrangement of the TonB box was observed by the differential
susceptibility of I14C; a residue located on the TonB box. In the
absence of ferric-enterobactin, I14C did not react with the
fluorophore consistent with the aforementioned folded TonB
box. Once ferric-enterobactin was added, the unfolding of the
TonB box exposed I14C to the fluorophore. The unexpected
reactivity of G54C, a residue located on the N-domain but
buried in the interior of the β-barrel, suggests that the fluoro-
phore can access G54 following the removal of the N-terminal
domain.

E. coli FecA and P. aeruginosa FpvA both have an extra 80
residues located at their N-terminus known as the N-terminal
signaling domain. These extra residues are part of a periplasmic
signaling domain that is involved in regulation of iron uptake.
For example, the fecABCDE and fecIR system is the most
elaborate system found in E. coli [85]. FecI is a cytoplasmic σ
factor and FecR is a transmembrane anti sigma factor protein
consisting of periplasmic, transmembrane and cytoplasmic
domains [86]. When ferric-citrate binds to FecA, a conforma-
tional change occurring in the N-terminal signaling domain of
FecA is transferred to FecR resulting in transmission of a signal
across the cytoplasmic membrane that prompts the release of
FecI into the bacterial cytoplasm. FecI binds to RNA
polymerase which, in turn, binds to the promoter of the fe-
cABCDE operon thus initiating the transcription of the ferric-
citrate uptake genes. Once E. coli has acquired enough iron,
Fur-Fe2+ binds to the promoter of fecIR and fecABCDE con-
sequently repressing their transcription. A similar mechanism
involving a σ factor (PvdS) regulates pyoverdine synthesis in
P. aeruginosa [87]. Even though the full-length FecA and FpvA
outer membrane receptors have been crystallized [64,66,79],
there was no electron density for the N-terminal signaling do-
main, suggesting that it is either unstructured or flexible. Re-
cently, structures of the 79-residue N-terminal signaling domain
plus the adjacent 17 residues of the cork domain (including the
TonB box) of FecA (FecAN) have been reported [88,89]. The
overall structure of FecAN consists of two distinct regions: the
structured N-terminal signaling domain (residues 1–79)
and the flexible C-terminal tail. The overall structure of the
N-terminal region is two adjacent α-helices sandwiched bet-
ween two short β-sheets (Fig. 12). A similar fold was observed
for the periplasmic signaling domain of P. aeruginosa FpvA
[90]. The flexible C-terminal tail explains why there was no
defined electron density for the N-terminal signaling region of
FpvA [79] or FecA in either of its bound states [64,66] (Fig. 12).

4.2. Periplasmic siderophore binding proteins

The PBPs are important for escorting their siderophores to
the cytoplasmic membrane transporters for subsequent transport
into the bacterial cell's cytoplasm. Thousands of hits are
obtained upon entering the phrase “periplasmic binding protein”
into the NCBI database (www.ncbi.nlm.nih.gov); a number that
will undoubtedly grow upon the completion of more bacterial
genome sequences. It is necessary to divide this large family
into smaller, more manageable classes. An analysis of the amino
acid sequences of PBPs from Gram-negative bacteria and lipo-
proteins of Gram-positive bacteria revealed a degree of
relatedness between the PBPs that allowed for their classifica-
tion [91]. This analysis produced eight different clusters of
PBPs which somewhat correlated with the molecular weight of
the protein or the chemical nature of its bound ligand. Proteins
that bind oligosaccharides, such as maltodextrin-binding
protein (MBP), belong to cluster 1. Proteins that bind organic
metal ion complexes include vitamin B12 binding protein
(BtuF), and ferric-siderophore complexes (CeuE, FhuD, FepB,
FatB, and RumB), belong to cluster 8. More recently, cluster 9
was introduced [92]. Cluster 9 includes the zinc-binding protein
TroA from Treponema pallidum [93,94] and the surface manga-
nese-binding protein PsaA from Streptococcus pneumoniae
[95].

PBPs share a sequence identity often less than 10%. Despite
this limited sequence identity, the structures of all of the PBPs
which have been solved to date are strikingly similar. PBPs have
domains that are connected by either two or three β-strands
(clusters 1 to 7) or by a long α-helix (clusters 8 and 9). The fold
of each domain is made up of a mixed α/β structure. PBPs that
have two domains linked by β-strands move in a “Venus-fly
trap” like fashion upon binding and release of their respective
ligand much like what was seen for the previously mentioned
protein, FBP, which is a member of cluster 1.

http://www.ncbi.nlm.nih.gov
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Asmentioned in an earlier section, siderophores are classified
by their functional groups that coordinate the ferric ion atom as a
catecholate, hydroxamate, citrate, or polyhydroxycarboxylate-
type siderophore. Because of the chemical distinctness of side-
rophores, a specific PBP is responsible for shuttling each class of
siderophore to the inner membrane. For example, in E. coli the
PBPs FhuD, FepB, and FecB are responsible for shuttling hy-
droxymate, catecholate, and citrate-type siderophores, respec-
tively. The siderophore PBPs belong to cluster 8. FhuD is a
ferric-hydroxamate binding protein that is found in both Gram-
positive and Gram-negative bacteria. It can bind to various
hydroxamate siderophores including ferrichrome, coprogen,
ferrioxamine B, and rhodoturilic acid. The structures of E. coli
FhuD bound to gallium-bound ferrichrome (or gallichrome) [96]
and various other hydroxymate-type siderophores [97] have all
been determined. FhuD is a two-domain protein with the indi-
vidually folded N-terminal domain (32–145) and the C-terminal
domains (169–293) each composed of a twisted five-stranded
mixed β-sheet sandwiched between layers of α-helices. The
domains are connected by a 23-residue α-helix (residues 145
through 168) that has a kink introduced by the presence of
Pro167 (Fig. 13a).

Examination of an overlay of the three dimensional
structures of FhuD bound to ferrichrome, albomycin, desferal
and coprogen reveals that the binding pockets are similar with
only subtle re-arrangement of side chains (Fig. 14). Two highly
conserved, key residues are involved in hydrogen bonding with
the hydroxamic acid moieties of all of the siderophores: Tyr106
which hydrogen bonds with a carbonyl oxygen and Arg84
which hydrogen bonds with a carbonyl oxygen and/or a nitroxyl
oxygen. The chemically different hydroxamate siderophores are
accommodated by different hydrogen bonding networks. For
instance, additional water-mediated hydrogen bonds occur
between residues Gln215 and Ser219 of FhuD and the carbonyl
oxygen of the Gly backbone of ferrichrome (Fig. 15a). These
water-mediated hydrogen bonds are not found when FhuD is
bound to albomycin (Fig. 15b). Unlike the ferrichrome and
Fig. 14. Overlay of the binding pockets of FhuD bound to ferrichrome (blue), ferric-c
binding site is composed of hydrophobic residues Trp68 and Trp217 as well as residu
siderophore while residues Arg84 and Tyr106 hydrogen bond with the hydroxami
gallichrome, albomycin, coprogen, and desferal are virtually identical thus demonstra
only difference is that Trp217 indole ring is rotated in ferric-coprogen bound FhuD. Th
coprogen into FhuD.
albomycin binding sites, the Arg84 sidechain only forms a hy-
drogen bond with the carbonyl oxygen of Desferal (Fig. 15d).
A water-mediated hydrogen bond is observed between Asp61
and a backbone carbonyl oxygen. The coprogen binding pocket
varies the most from the other hydroxamate siderophores.
There are an increased number of hydrogen bonds between
FhuD and coprogen (Fig. 15c). Like the other hydroxamate-
type siderophores, Tyr106 hydrogen bonds with the carbonyl
oxygen of the hydroxamic acid moiety and the Arg84 sidechain
forms only one hydrogen bond with a carbonyl oxygen of
coprogen. Tyr275 forms a water-mediated hydrogen bond with
a nitroxyl oxygen of the hydroxamate moiety. The coprogen
molecule has trans-anhydromevalonic acid groups on either
end of the hydroxamic acid moieties. To accommodate the
insertion of the trans-anhydromevalonic acid group into the
protein, there is a re-orientation of residue Trp217. With the
insertion of this group is the formation of an additional hydro-
gen bond from Ser103 and a water-mediated hydrogen bond
with Trp217 with the hydroxyl group of the trans-anhydrome-
valonic acid group.

FhuD was the only siderophore binding PBP for which a
structure had been determined until the structure of the ferric
enterobactin binding CeuE of C. jejuni was reported [98]. The
structure of CeuE in complex with the synthetic catecholate
siderophore ferric-mecam demonstrates that the chemical nature
of the siderophore defines what composes its binding site. In
enterobactin, 2,3-dihydroxybenzoic acid groups are attached to
a tris(L-serine) backbone (mesitylene backbone in mecam).
When bound to Fe3+, the ferric-enterobactin complex has a net
charge of −3. The ferric-mecam molecules form dimers with a
net charge of −6 and each dimer binds to two CeuE molecules.
The negatively charged oxygen atoms of ferric-mecam interact
with the positively charged Ceu sidechains (Arg117, Arg204,
and Arg248). It is apparent that the domain interfaces of PBPs
are selective for their ligand. In the case of FhuD, the domain
interface is hydrophobic and selective for ferric-hydroxamates
whereas the domain interface of CeuE (and likely all the related
oprogen (orange), albomycin (red), and desferal (green). The ferric-hydroxamate
es Arg84 and Tyr106. The Trp residues interact with the hydrophobic part of the
c acid oxygens that are involved with coordinating iron. The binding sites of
ting how FhuD can accommodate various hydroxamate-type siderophores. The
is re-orientation allows for insertion of the trans-anhydromevalonic acid group of



Fig. 15. General structures of hydroxamate-type siderophores and their hydrogen bonding interactions with FhuD. Comparison of binding modes of (a) ferrichrome,
(b) albomycin, (c) coprogen, and (d) desferal. The amino acid residues of FhuD and the water molecules that hydrogen bond with each siderophore are labeled with the
hydrogen bonds represented as dashed lines.
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ferric-enterobactin binding proteins such as FepB from E. coli)
is hydrophilic and selective for ferric-catecholates.

A search using the PDB file of FhuD and the Dali server
[99] reveals that the surface manganese binding protein PsaA
of S. pneumoniae [95], the vitamin B12-binding protein BtuF
(Fig. 13b) of E. coli [100–102], the zinc-binding protein TroA
of T. pallidum [93,94] (Fig. 13c), have a similar fold to FhuD
and CeuE. The crystallographic structures have been deter-
mined for both the bound and unbound forms of FhuD
(Krewulak, K.D., Bergmann, E.M., and H.J. Vogel, unpub-
lished results), TroA [93,94] and BtuF [100–102]. Similar to
FhuD, both these proteins show no large hinge motion that
accompanies the release of their respective ligands [93,94,
100,102]. Like FhuD, BtuF binds a bulky ligand: vitamin B12.
When the coordinates of BtuF and FhuD are compared to
one another using the Dali server [99], the 262 Cα atoms
overlayed to give a Z-score of 17.9 and an r.m.s.d. of 3.6 Å.
This indicates that even though these two structures share
only 17% sequence identity and BtuF is smaller than FhuD
(where the mature forms of FhuD and BtuF are 261 and 244
amino acid residues, respectively), they are structurally very
similar.

A least-squares superposition of the N-terminal domains of
the bound and apo structures of each BtuF and FhuD (residues
1–106 and 32–145, respectively) show similar degrees of C-
terminal domain tilting. The C-terminal domain of BtuF rotates
along Pro105 resulting in the C-terminal domain tilting open by
2° about an axis parallel to the backbone α-helix upon release of
vitamin B12. Similarly, the C-terminal domain of FhuD appears
to rotate about residue Asn146. Here, there also appears to be a
2° rotation about an axis parallel to the backboneα-helix. In both
cases, the change of the orientation of the C-terminal domain is
not accompanied by an unwinding or bending of the backbone
α-helix. This general trend between these two structurally
related molecules indicates a similar mechanism for ligand
binding and release. The related zinc-binding TroA, unlike BtuF
and FhuD, closes somewhat upon release of Zn(II). This is likely
related to the more hydrophobic nature of the binding pocket of
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FhuD compared to TroA. Since the vitamin B12 and ferrichrome
ligands are more bulky than Zn(II), an expansion of the ligand-
binding cavity may be essential to facilitate ligand exchange.

Although the X-ray crystallographic structures of cluster
8 and 9 proteins provide some insight into the mechanism of
siderophore binding, they do not clearly suggest how the inner
membrane transporter, FhuB, distinguishes between ferri-
chrome-bound and ferrichrome-free FhuD. The α-helix con-
necting the two domains of FhuD seems to impose rigidity on the
structure relative to the β-strands in other “classical” PBPs.
Additional rigidity may be imposed on FhuD by the crystal
lattice. However, solution small angle scattering studies indicate
that the related FhuD2 protein of S. aureus undergoes only
minimal changes in its overall structure upon binding or release
of siderophores [159]. A 30 nanosecond molecular dynamics
simulation of FhuD with its bound siderophore removed
suggests that individual domains in FhuDmay be more dynamic
with a C-terminal domain closure of 6° upon release of its
siderophore [103]. This relatively large motion suggests struc-
tural differences that could allow FhuB to distinguish between
apo- and ferrichrome-bound FhuD. In addition, rather extensive
molecular dynamics simulations of the apo and holo forms of
BtuF suggest that vitamin B12-binding protein may undergo
transient opening and closing motions similar to those of the
classical PBPs [104]. These intriguing results will need to be
verified by future experiments.

5. TonB–ExbB–ExbD

The transport of ferric-siderophores into the periplasmic
space requires energy. The proton motive force of the cyto-
Fig. 16. The structure of (a) ExbD is similar to the N-terminal domain of (b)
BtuF (residues 1–88). Both contain a 5-stranded parallel β-sheet. ExbD has two
α-helices adjacent to the β-sheet while the β-sheet of the N-terminal domain of
BtuF is sandwiched between four α-helices.
plasmic membrane is coupled to the outer membrane via three
proteins: TonB, ExbB, and ExbD. ExbB is a 26-kDa cytoplasmic
membrane protein. It consists of three transmembrane domains.
ExbD is a 17-kDa protein that, like TonB, has only one trans-
membrane domain and a periplasmic domain of about 90 amino
acids. Together, ExbB and ExbD couple the activity of TonB to
the proton gradient of the cytoplasmic membrane [105]. The
structure of ExbB has yet to be determined. The structure of
periplasmic domain of E. coli ExbD consists of an N-terminal
tail (residues 43–63), a folded region with two α-helices on one
side of a 5-stranded β-sheet (residues 64–133), and an unstruc-
tured C-terminal tail (residues 134–141) (Fig. 16a) [106]. The
structure of the folded region is not unlike the structures of the N-
and C-terminal domains of the aforementioned PBPs. A least-
squared superposition of the isolated N- and C-terminal domains
of FhuD, BtuF, TroA, and CeuE with the folded region of ExbD
reveals that ExbD is most like the N-terminal domain of BtuF
(residues 1–88) with an with an r.m.s.d. of 1.5 Å (Fig. 16b). This
suggests and evolutionary relationship, however the implica-
tions of this structural similarity have yet to be determined.

TonB is a 26-kDa protein that can be considered as a three
domain protein. The first domain is an N-terminal domain that
consists of the 32-residue transmembrane helix and a short
cytoplasmic region. The role of this region extends beyond the
anchoring of TonB into the cytoplasmic membrane. TonB
interacts with the proteins ExbB and ExbD to form an energy-
transducing complex. Replacement of the TonB transmembrane
domain with that of TetA, a Gram-negative tetracycline efflux
pump that resides in the cytoplasmic membrane [107–109],
results in a loss of TonB activity [110]. Additionally, TonB no
longer interacts with ExbB suggesting that the interaction of
ExbB with TonB must occur between their transmembrane
domains.

The central domain of TonB (residues 33–100) is located in
the periplasm. Residues 66–102 comprise the characteristic
proline-rich region which contains series of Pro–Glu and Pro–
Lys repeats. This region may allow for the extension of the
protein across the periplasmic space. NMR studies of this
isolated region suggest a highly structured conformation that
can extend as long as 10 nm [111]. This region does not interact
with the outer membrane transporter because deletion of resi-
dues 32–65 or 66–100 has no observable effect on the TonB
activity [112]. However, when the bacterial cells are exposed to
high salt, the periplasmic space expands and the Δ(66–100)
TonB mutant is no longer active, while the wild-type TonB still
can function under these conditions. Thus, this region is thought
to enhance the efficiency of energy transduction under specific
conditions.

The third and final region of TonB is the carboxy-terminal
domain (residues 103–239). Various biochemical studies have
identified association of this region with the TonB box located
in the N-terminal cork domain of the outer membrane receptor.
Site-directed disulfide cross-linking studies between the TonB
box of BtuB and TonB identify specific residues that interact
with one another [113,114]. Additionally, NMR studies using
monomeric TonB identified residues that interact with FhuA,
FepA, and BtuB derived TonB box peptides using chemical
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shift perturbations [115,116]. More recently, structures of the
TonB carboxy-terminal domain in complex with FhuA and
BtuB were reported [117,118]. In the structure of the FhuA:
TonB complex, creation of an interprotein β-sheet between the
Ton-box of FhuA and the central 3-stranded β-sheet of the
TonB carboxy-terminal domain was observed. This strand
exchange may have functional importance because it positions
TonB, allowing the conserved residue Arg-166 of TonB to have
an electrostatic interaction with conserved residue Glu-56 of the
FhuA cork domain. The structure of the BtuB:TonB complex
reveals the formation of a parallel β-strand between the TonB-
box of BtuB and the three-stranded β-sheet of TonB. However,
the salt bridge of the BtuB:TonB complex is formed between
Arg-158 of TonB and Asp-6 of the TonB-box of BtuB, not with
the β-barrel as in the FhuA:TonB complex. However, only 5 of
the 6 residues of the conserved TonB-box of FhuA were
observed in the FhuA:TonB structure. Unambiguous electron
density was not observed for Asp-7 of the FhuA TonB-box.
Furthermore, the TonB residue Gln-160 previously shown to
interact with the TonB-box [119,120] was not observed in the
Fig. 17. Structures of the C-terminal domain of TonB. (a) The first crystal
structure of TonB (residues 165 to 239) shows two intertwined monomers that
may be attributed to domain swapping (Chang et al. 2001). (b) The recent crystal
(Koedding et al. 2005) and (c) NMR (Peacock et al. 2005) structures of TonB
containing residues 150 to 239 and 151 to 239, respectively. Both have an
overall structure of a 4-stranded antiparallel β-sheet in front of two α-helices.
The last two structures are quite similar except that the β4 strand is found at the
C-terminal end of the NMR structure, whereas it folds back onto the C-terminal
position of a second protein molecule in the recent crystal structure. (d) The
recently determined NMR structure of the V. anguillarum TonB2, although
similar to E. coli TonB structures, does not have a β4 strand and has a
significantly longer loop 3.
electron density. It is possible that, similar to the BtuB:TonB
structure, Asp-7 of FhuA may have formed a salt bridge with
Gln-160 of TonB but, given the lack of electron density, it could
not be observed in the FhuA:TonB structure. Not only does
TonB contact the outer membrane receptors, but it was recently
shown that TonB interacts with the PBP FhuD [121]. Fur-
thermore, when FhuD is added to a FhuA:TonB complex, a
ternary complex can formed. This suggests that TonB could
position a PBP near the outer membrane transporter, thereby
facilitating the ferric-siderophore to bind to its respective PBP.

The structure of the isolated carboxy-terminal domain of
E. coli TonB has been solved by X-ray crystallography [122–
124] and by NMR spectroscopy [115] (Fig. 17). Most recently,
Vibrio anguillarum TonB (TonB2) has been solved by NMR
spectroscopy (Lopez, C.S., Peacock, S., Crosa, J.H., and H.J.
Vogel, unpublished results) (Fig. 17d). The crystal structure of
residues 165 to 239 of TonB by Chang et al. is composed of three
β-strands and an α-helix. Two monomers of TonB are inter-
twined with the three β-strands from each monomer combining
to form an antiparallelβ-sheet. The twomore recent structures of
a longer fragment of E. coli TonB (residues 151–239 for the
NMR structure and 150–239 for the X-ray crystallographic
structure) and the V. anguillarum TonB2 (residues 102–206) do
not form an intertwined dimer suggesting that the formation of a
dimer in the crystal structure by Chang et al. is likely a result of
three-dimensional domain swapping [125] where the exchange
of a β-hairpin and C-terminal β-strand between monomers
forms the dimer interface [115,123,124]. There are slight differ-
ences in the secondary structures of the three E. coli TonB
structures. For example, when Cα backbones of the NMR
structure (PDB: 1XX3) and the latest crystal structure (PDB:
1U07) are overlayed, the r.m.s.d. is 0.9 Å. Their secondary
structure is identical to one another except for an extra C-
terminal β-strand (β4; residues 235–239) in the NMR structure
that folds back to complete the β-sheet. In the crystal structure
(PDB: 1U07), the C-terminal β-strand (β3; residues 220–236)
extends away from the TonB structure by eight residues and
hydrogen bonds with theβ3 strand of another molecule of TonB
to form an antiparallel β-sheet. Although both the NMR and the
crystal structures are similar in length, the NMR structure is a
monomer while the crystal structure (PDB: 1U07) is a dimer;
albeit, not an intertwined dimer like what was observed for the
crystal structure by Chang et al. (PDB: 1IHR). Moreover, the
small amount of buried surface area in the crystal's dimer
interface makes it unlikely that this interaction would be stable
in vivo [126]. In the structure of V. anguillarum TonB2, the C-
terminal β-strand (β4) is absent and the loop joining α1 and β3
(loop 3) is extended by 9 Å (Fig. 17d). The β4 strand plays an
integral role in the formation of the dimer interface in TonB
structures [122–124]. The lack of β4 in TonB2 suggests that
this protein is unable to form a dimer. The mechanism of the
interaction of TonB with the outer membrane receptor is
assumed to be universal between bacterial species. Based on
this argument, the formation of the TonB dimer likely does not
play a major role in vivo.

Although TonB appears to exist as a monomer in solution,
biochemical data supports both the presence of monomeric and



Fig. 18. Ribbon representation of the BtuC2D2 ABC transporter of E. coli.
BtuCD is a tetrameric protein comprised of two α-helical transmembrane
subunits (green) and two cytoplasmic ABC proteins (pink).

Fig. 19. Ribbon representation of the BtuC dimer. The pathway for vitamin B12

is open to the periplasm but closed to the cytoplasm by a gate region. The gate
region occurs between residues Thr142 and Ser143 (in space filling format and
colored dark blue) that are located in the loop region between helix 4 (light blue)
and helix 5 (violet) of each BtuC monomer.
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dimeric forms of TonB. TonB dimerization was studied in vivo
by constructing hybrid proteins from TonB (residues 1 to 239, 22
to 239, or 164 to 239) and the transcriptional activator of the
cholera toxin gene, ctx, ToxR [127]. When ToxR dimerizes,
lacZ, under the control of the ctx promoter, is transcribed. It
was shown that TonB(164–239) had the greatest propensity to
form dimers. Similarly, an ultracentrifugation study on various
lengths of the TonB carboxy-terminal domain demonstrated that
the smaller fragments of TonB form dimers whereas the larger
fragments exist as monomers in solution [123]. Moreover, a
shorter, dimer-forming fragment of TonB (TonB-77) was unable
to bind FhuA in vitro and is resistant to bacteriophage Φ80
infection in vivo wherein the monomeric forms of TonB interact
with FhuA and are susceptible to bacteriophage Φ80 infection.
Therefore, dimerization of TonB does not appear to facilitate its
binding to the outer membrane receptor, FhuA. An earlier study
identified an aromatic cluster of five residues in the carboxy-
terminal 75 amino acids of TonB (Phe180, Phe202, Trp213,
Tyr215, and Phe230) that, when mutated to Ala, affected TonB
function [128]. In an in vivo study of full-length TonB each of
these five aromatic amino acids were mutated to Cys [129]. Four
out of five of these aromatic residues (Phe180 the exception)
could interact with one another to form disulfide-linked dimers
in vivo [129]. Furthermore, the formation of these dimers
required the full-length TonB protein and the proton motive
force (provided by ExbB/ExbD and TolQ/TolR). None of the
currently available structures for TonB are consistent with this in
vivo biochemical data suggesting that TonB may exist in an
energized conformation not yet identified in vitro. This can be
explained with one of the current model for TonB energy
induction [130]. First, the TonB, ExbB, and ExbD proteins form
a complex. Quantification of the TonB, ExbB, and ExbD reveals
that their ratio in the cell is 1 TonB:2 ExbD:7ExbB [131],
although this does not necessarily reflect the stoichiometry of the
complex in the cell. ExbB and ExbD harvest the cytoplasmic
membrane proton motive force, transmitting it to the transmem-
brane domain of TonB, energizing TonB. The formation of the
previously discussed aromatic cluster may occur at this step.
This is supported by the presence of disulphide linked dimers
only in the cytoplasmic membrane fractions [129]. The third step
occurs when TonB spans the periplasmic space and associated
with the TonB box of the ligand-bound outer membrane re-
ceptor. TonB releases its conformationally stored potential
energy which results in the active transport of the ligand into the
periplasmic space. Thus it is still possible that a monomer/dimer
equilibrium plays a role in the energy transduction mechanism.

6. ATP-binding cassette transporters

Once the siderophore has been bound by a PBP, it must be
transported into the cytoplasm. This is accomplished by an ABC
transporter protein complex which couples ATP hydrolysis to
the transport of the siderophores. Bacterial ABC transporters
commonly consist of four structural domains: two transmem-
brane domains that form a channel where the ferric-siderophore
passes through and two nucleotide binding domains that
hydrolyze ATP. Bacterial ABC transporters are usually assem-
bled from separate subunits rather than fused into one signal
polypeptide. Such is the case for the vitamin B12 importer from
E. coli (BtuC2D2), the ferric-enterobactin importer from E. coli
(FepC2D2), and the ferric-enterobactin importer from V. an-
guillarum (FatC2D2). In contrast, the hydroxamate siderophore
importer from E. coli, FhuBC, has the FhuB dimer fused into
one polypeptide chain, but like the other ATP-binding domains,
two copies of FhuC assemble to from a dimer (FhuBC2).

The diversity of transported substrates is reflected in the
roughly 25% sequence identity between different membrane-
spanning domains BtuC, FhuB, FepD, and FatC. The outer
membrane receptor (BtuB) and the periplasmic protein, BtuF,
are structurally similar to those of the siderophore uptake me-
chanism of bacteria. A sequence alignment of the ABC trans-
porter, BtuC2D2 with FhuBC2, FecC2D2, and FepC2D2 reveals
sequence identities/similarities of 26%/40%, 35%/53% and
25%/45%, respectively. Thus the structure determined for
BtuC2D2 is a good representative for FhuBC2, FecC2D2, and
FepC2D2 and hence will be discussed in detail [132].



1798 K.D. Krewulak, H.J. Vogel / Biochimica et Biophysica Acta 1778 (2008) 1781–1804
The overall structure of BtuC2D2 contains 10 transmembrane
helices per BtuC subunit (Fig. 18). At the interface between the
two BtuC subunits, there is a large cavity that opens up to the
periplasmic space, but there is not a complete channel visible
Fig. 20. Space filling representation and sequence alignment of the conserved motif
(green), Walker B (yellow), and switch loop (orange) motifs are colored accordingly b
is bound at the dimer surface between a Walker A motif (pink) of one monomer and
and their bound Mg2+ atoms are colored red and black, respectively. The site in Btu
across the membrane. The cavity is formed by four helices:
helices 5 and 10 from each BtuC subunit and are lined by
hydrophobic residues. It is large enough to accommodate a
molecule of vitamin B12, but it does not have the same residues
s of ABC subunits. The P-loop/Walker A (pink), Q-loop (blue), ABC-signature
etween the sequence alignment and (a) BtuD2 and (b) Rad50 bound to ATP. ATP
the ABC signature motif (green) of the opposing monomer. The ATP molecules
D where ATP would bind is circled.



Fig. 21. Proposed docking interaction of BtuF with its ABC transport, BtuC2D2.
The negatively charged Glu residues (colored green, shown in space-filling
format, and numbered according to the PDB file 1N4A) located on the apex of
each lobe of BtuF could potentially interact with the positively charged Arg
residues (color yellow and shown in space-filling format) located in the
periplasmic-facing pockets of BtuC. The formation of salt-bridges would induce
a conformational change that would then allow for the transport of vitamin B12

through BtuC and into the cytoplasm.
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as the vitamin B12 binding site of BtuF thus suggesting its role
as a transport channel and not a binding site [100,102]. Residues
Thr142 and Ser143 form a gate region in the loop between helix
4 and helix 5 of the two membrane spanning BtuC subunit
(Fig. 19) thus closing off the cavity from the cytoplasm.

Structures have been reported for the ATP-binding proteins
E. coli HisP [133], Thermococcus litoralis and E. coli MalK
[134,135], human TAP1 [136], Methanococcus jannashii
MJ1267 [137],M. jannashiiMJ0796 [138], Pyrococcus furiosus
Rad50 [139], the multisugar transporter from Sulfolobus solfa-
taricusGlcV [140], E. coliHylB [141], and human CFTR [142].
Despite the large diversity of substrates, ATP-binding domains
share conserved sequence motifs that are vital for ATP binding
and hydrolysis. These highly conserved motifs include the
Walker A motif (GxxGxGKS/Twhere x can be any amino acid),
the Walker B motif (hhhhD 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
[143]. Similarly, a sequence alignment of FhuC, FepC, FatD
with BtuD demonstrates the conservation of these sequence
motifs (Fig. 20).

Formation of a dimer between two ATPase units is necessary
for an ATP molecule to bind because ATP interacts with the
Walker A motif of one monomer and the signature sequence of
the other monomer (Fig. 20). The Walker A motif usually forms
a loop that wraps around the negatively charged phosphates of
ATP and ADP. It is yet unknown what the signature motif's
function is although it has been suggested to be a γ-phosphate
sensor. Mutation of the Ser residue in the signature motif in
Rad50 (S793R) results in the loss of ATP-dependent dimeriza-
tion [139]. The signature motif is often found mutated in the
CFTR (cystic fibrosis transmembrane conductance regulator) of
cystic fibrosis patients (the S549R mutant is the most common)
[144,145]. The Gln residue of the Q-loop coordinates the Mg2+

atom that is coordinated by ATP either directly as in the Rad50
structure or indirectly as was found in the TAP1 structure. The
Walker B motif forms a β-strand. The Glu residues either
coordinate theMg2+ or polarize a water molecule that attacks the
γ-phosphate of ATP. A Gln residue located in the “Q-loop” also
coordinates the Mg2+. The His residue in the switch region is
thought to either sense that a γ-phosphate has bound or it pola-
rizes a water molecule that will assist in the hydrolysis of ATP.
Thus, it is assumed that all ABC proteins bind and hydrolyze
ATP in a similar way.

The available structures of ABC transporters have allowed
for some speculation of substrate transport. Alignment of the
structure of BtuF with BtuCD reveals that conserved glutamates
on the apices of the lobes of BtuF are adjacent to the conserved
Arg residues of BtuCD [100]. Thus it had been suggested that
the formation of salt bridges allows for the docking of BtuF onto
BtuCD (Fig. 21). Similar electrostatic interactions have been
observed in the structure of the molybdate binding protein
ModA in complex with its ABC transporter ModB2C2 [146].
Numerous charged amino acid residues on the surface of ModA
contribute to the ModA–ModB2 interface. In the ABC trans-
porters, the nucleotide binding site and substrate channel are
separated by a membrane. To prevent the hydrolysis of ATP in
the absence of bound PBP, there must be a signal to the ATPase
component to indicate that the PBP has bound. This commu-
nication is thought to occur through the interface region; i.e.
where the transmembrane domains and ATPase interact. The
BtuF–BtuC2D2 complex can be formed in the absence of ATP
[100]. Conversely, the formation MalE–MalFGK2 required
ATP and vanadate [147]. Vanadate acts as an analog of the γ-
phosphate of ATP. It forms a complex with magnesium and
ADP that mimics the transition state of ATP during hydrolysis
[148,149]. In the same study the authors found that the maltose
binding protein (MalE) docked onto MalFGK2 no longer had
bound maltose when, previously, it had been found to be
difficult to obtain MalE free of bound maltose [150]. This
indicates that the transport of maltose has already occurred and
MalE still remains bound to MalFGK2. Regardless of the
substrate, the transport process is powered by ATP hydrolysis.
When BtuF docks onto BtuC2, there must be some conforma-
tional change that occurs. First, BtuF binds followed by a
conformational change that is transmitted to BtuD2 [151]. ATP
binds and BtuF has a reduced affinity for vitamin B12 thus
releasing it to the channel. The transporter is thought to be in an
inward-facing state such as was seen in the structure of
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ModB2C2A [146] and the recently determined HI1470/71
[152]. Once ATP hydrolysis occurs, a conformational change
closes the gap between the conserved ATP-binding motifs.
Subsequently, the transmembrane domains flip to an outward-
facing conformation [132,153] and vitamin B12 is transported
into the cytoplasm. ADP and Pi is released and BtuC2D2 is reset
to its original conformation.

7. Conclusions

The structural biology of the components of the iron uptake
system in Gram-negative bacteria has provided an overall
view of the mechanisms of iron transport, but also raises many
more questions. First, the presence of a cork domain occluding
a β-barrel was unique when compared to the structures of
previously determined outer membrane transporters. However,
it is still not understood how the ferric-ligand can be
transported into the periplasm—is the cork completely
removed from the barrel or is a transient channel formed?
Second, numerous biochemical experiments confirm that the
C-terminal domain of TonB interacts with the TonB box of the
outer membrane receptors. This interaction can be seen in the
structure of TonB with the outer membrane proteins FhuA and
BtuB [117,118]. Additional questions regarding TonB include
whether TonB exists in different energized forms and, if ever,
does TonB play a role as a dimer in vivo. Several more
biochemical experiments as well as a structure of the full-
length TonB alone and in complex with ExbB and ExbD are
required for a comprehensive molecular image of TonB/ExbB/
ExbD. Third, clusters 8 and 9 of the PBPs are fairly new. The
N- and C-terminal domains of FhuD, BtuF, TroA, and CeuE
are connected by a single α-helix rather than two or three β-
strands commonly found in other PBP thus restricting any
large domain motion upon binding a siderophore. With such a
small domain motion, how can the inner membrane ABC
transport distinguish between the apo and holo forms of these
proteins? Extensive studies using solution NMR as well as
small angle X-ray scattering should be completed using
several representatives from the PBP clusters 8 and 9 to
further understand the range of motions that are open to this
group of proteins. Fourth, it has been hypothesized how a PBP
interacts with its ABC transporter for subsequent transport of
the ligand into the cytoplasm; however, there is little
experimental evidence to support this. Although there is a
crystal structure of the ModA protein in complex with its ABC
transporter ModB2C2 [146], neither structure resembles the
PBPs or ABC transporters that govern bacterial iron uptake.
Ultimately, a crystal structure of BtuF docked onto its ABC
transporter BtuCD would give more insight.

Note added in proof

While this paper was being typeset, a paper showing this
complex appeared [160]. Although the mechanisms and the
structures of the individual components of iron uptake in Gram-
negative bacteria have began to be understood, there is
obviously still a lot that needs to be learned.
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