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Abstract

Transition metals are essential nutrients for all organisms and important players in the host-
microbe interaction. During bacterial infection, a tug-of-war between the host and microbe for
nutrient metals occurs: the host innate immune system responds to the pathogen by reducing metal
availability and the pathogen tries to outmaneuver this response. The outcome of this competition,
which involves metal-sequestering host-defense proteins and microbial metal acquisition
machinery, is an important variable for whether infection occurs. One strategy bacterial pathogens
employ to overcome metal restriction involves hijacking abundant host metalloproteins. The
obligate human pathogens Neisseria spp. express TonB-dependent transport systems that capture
human metalloproteins, extract the bound metal ions, and deliver these nutrients into the bacterial
cell. This Essay highlights structural and mechanistic investigations that provide insights into how
Neisseriaacquire iron from the Fe(l11)-transport protein transferrin, the Fe(l11)-chelating host-
defense protein lactoferrin, and the oxygen-transport protein hemoglobin, and obtain zinc from the
metal-sequestering antimicrobial protein calprotectin.

Introduction

The importance and ubiquity of transition metals in biology is exemplified by the fact that
over 30% of all proteins contain at least one transition metal cofactor [1]. These metal ions
function as structural components, cofactors essential for catalyzing chemical
transformations in metabolism and detoxification, and electron transfer centers. Microbes
employ metal uptake, transport, and storage systems to maintain the concentrations of these
nutrients required for growth. In the context of the host-pathogen interaction, microbial
pathogens must acquire metal-ion nutrients from the host environment to replicate and cause
infection. Because the mammalian host typically maintains “free” transition metals at low
concentrations, microbes are faced with the challenge of obtaining these nutrients from a
limited supply. Moreover, when confronted with pathogenic invaders, the host mounts a
metal-withholding response and the innate immune system further limits the availability of
nutrient metal ions. This process is often termed “nutritional immunity” [2-5]. Pathogens
employ a number of sophisticated metal acquisition strategies to overcome the metal-limited
host environment. In particular, several bacterial pathogens, including Ne/sseria spp.[6-8]
and Staphylococcus spp.[9], capture host metalloproteins and use these biomolecules as
sources of nutrient metals (Figure 1). In this Essay, we summarize structural and mechanistic
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investigations that illuminate how NeJsseria utilize TonB-dependent transporters to acquire
iron and zinc from the human proteins transferrin, lactoferrin, hemoglobin, and calprotectin.

Neisseria spp

Neisseria meningitidis and N. gonorrhoeae are obligate human pathogens that colonize
mucosal surfaces.[10] N. meningitidis typically colonizes the upper respiratory tract
asymptomatically, but this strain can cause severe infections including meningitis and sepsis.
N. gonorrhoeae preferentially colonizes the urogenital tract, which results in inflammation,
and causes the sexually-transmitted disease gonorrhea. . gonorrheais a major public health
concern because it has developed resistance to various antibiotic classes, including the
fluoroquinolones and cephalosporins [11]. Moreover, vaccine development for infections
caused by Nessseriais complicated because Nessseria readily outmaneuver the host immune
system. In particular, Meisseria undergo phase variation and capsule switching, which cause
modifications to the cell surface [10,12]. Although vaccines are available for some A.
meningitides serotypes, currently there are no vaccines for N. gonorrhoeae. Because metal
acquisition is an essential component of microbial virulence, understanding how Ne/sseria
acquire nutrient metals in the host may provide new approaches for antibiotic and vaccine
development [12,13].

TonB-dependent metal transport

Neisseria are Gram-negative bacteria and therefore possess an outer membrane (OM) and an
inner membrane (IM) enclosing the periplasm. Thus, uptake of nutrient metals from the
extracellular environment into the cytoplasm involves transport across two membranes, and
typically occurs through specific energy-dependent membrane transporters. Like other
Gram-negative bacteria, Neisseria express TonB-dependent transporters (TBDTS, Figures 2
and 3) in the OM. These transporters deliver nutrients (e.g. metals, vitamins, amino acids,
and carbohydrates) from the extracellular space across the OM into the periplasm using
energy provided by the proton motive force established across the IM [14]. Energy
transduction to the OM is accomplished by TonB-ExbB—-ExbD, a three-protein complex
anchored in the IM [15]. TBDTSs have been extensively studied in the context of siderophore
uptake (e.g. enterobactin transporter FepA [16], Figure 3) [17], and an increasing number of
TBDT crystal structures have been reported recently [15]. All known TBDTSs share a general
domain architecture consisting of a C-terminal 22-stranded p-barrel spanning the OM and an
N-terminal plug domain inserted inside the barrel (Figure 3) [15,18,19]. The plug domain
occludes the barrel pore, contributes to the specificity of ligand binding, and interacts with
TonB to initiate transport. The extracellular loops of the TBDT and the walls of the B-barrel,
as well as residues from the extracellular side of the plug domain, provide sites of ligand
recognition and binding. A conserved TonB box located in the N-terminal region of the plug
domain is critical for energy transduction and transport. The TonB box is oriented on the
periplasmic side of the TBDT and, upon ligand binding, conformational changes in the plug
domain expose the TonB box such that it can interact with TonB (Figure 2). Subsequent
energy transduction from TonB-ExbB-ExbD causes further conformational change of the
plug domain and transport of the ligand into the periplasm. A recent study demonstrated that
the TonB-ExbB-ExbD complex is composed of a pentamer of ExbB, a dimer of ExbD, and
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at least one TonB, and provided new hypotheses for the molecular basis of how this complex
utilizes the proton motif force to undergo conformational change and transduce energy to the
OM [20].

Some TBDTSs have a co-receptor anchored to the extracellular side of the OM that mediates
ligand binding to the transporter (Figure 2). Following entry into the periplasm, further
transport to the cytoplasm often involves a periplasmic binding protein (PBP) that binds the
molecule or ion of interest and delivers it to an ATP-binding cassette (ABC) transporter
located in the IM. Transport across the IM is thus driven by ATP hydrolysis (Figure 2) [21].

Neisseria express TBDTs under conditions of metal limitation [22], which allow Neisseriato
utilize abundant human metalloproteins present at infection sites and in the bloodstream as
nutritional sources. In particular, Neisseriaemploy TBDTS to extract nutrient metal ions
from human transferrin (hTF) [23], lactoferrin (hLF) [24], hemoglobin (hHb) [25], and
calprotectin (hCP) [7,8]. Among the different TBDTs employed by pathogenic Neisseria for
metal uptake, the iron acquisition systems are the most well characterized to date and are
discussed in several extensive reviews [6,26—28]. In the following sections, we present
recent work that has advanced understanding of how Neisseria use TBDTS to acquire
nutrient iron and zinc. These studies afford important structural and mechanistic insights
into how Neisseria hijack host non-heme and heme iron proteins, describe the discovery of
zinc piracy from the metal-sequestering host-defense protein CP, and provide inspirations for
future work that includes fundamental investigations and initiatives directed towards
therapeutic development.

Neisseria pirate iron from transferrin, lactoferrin and hemoglobin

Iron is an essential nutrient for humans and almost all microbial pathogens [28-31]. Itis a
co-factor for proteins involved in primary metabolism, DNA synthesis, and electron transfer.
Despite its high abundance (e.g. a *70-kg human contains ~4 g of Fe[32]), the pool of
“free” iron is low. Iron exhibits low solubility in the ferric oxidation state (Ksp = 10718 M),
which is predominant under aerobic conditions. Moreover, iron participates in Fenton
chemistry and thereby induces the formation of harmful reactive oxygen species, which
damage lipids, DNA and proteins. As a result, the uptake, transport, storage and utilization
of iron are tightly regulated in humans. Although labile iron pools have been detected, most
iron is tightly bound to proteins, evidenced by the low “free” iron concentration in serum
(210724 M) [29,33]. During infection, the human host further lowers iron availability at sites
of infection by deploying iron-sequestering host-defense proteins such as lactoferrin (LF)
and lipocalin-2 [34,35], and increasing production of the peptide hormone hepcidin to
inhibit iron transport into the bloodstream [36].

In this section, we consider how Neisseria overcome host-imposed iron restriction by using
systems composed of a TBDT and its co-receptor to extract this nutrient from hTF, hLF, and
hHb, three abundant metalloproteins with different biological functions [6,25,27,28].
Neisseria can acquire iron from human TF and LF, but not from other mammalian
orthologues; this specificity is hypothesized to restrict the host range of these bacteria to
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humans [37,38]. Moreover, clinical research indicates that Nessseria must express either a
TF or LF receptor to cause infections in humans [39,40].

Iron removal from transferrin

TF is a bilobal glycoprotein (80 kDa) that functions in iron transport. It can also be
classified as a host-defense protein because it restricts iron availability [31,41]. TF is
synthesized in the liver and secreted into the bloodstream where it binds and transports
Fe(l11). Iron delivery into cells occurs via receptor-mediated endocytosis. The TF receptor
(TFR) binds holo-TF and, following cellular uptake, iron release occurs in the acidic
endosomes [42]. Subsequently, the TFR-apoTF complex is recycled, and apo-TF is released
into the extracellular space.

TF consists of two homologous lobes (N- and C-lobe) that are connected by a short peptide
linker (Figure 4A). Each lobe can be divided into two subdomains, which form a cleft that
provides the iron-binding site [43]. Within each cleft, one Fe(ll1) ion is bound in a six-
coordinate geometry by one aspartic acid, one histidine and two tyrosine residues, and two
oxygen atoms from a bound carbonate ion complete the octahedral coordination sphere
(Figure 4B) [44]. hTF undergoes conformational changes with metal binding and release;
holo-hTF is more compact than the apo-hTF [46]. At neutral pH, hTF coordinates Fe(l11)
with high affinity at both lobes (Ky 10720 M~1) [47]. Crystallographic studies of the N-lobe
of hTF indicated that the bound carbonate ion is stabilized by hydrogen-bonding interactions
with an adjacent arginine residue [45]. In acidic endosomes, protonation of this arginine may
facilitate dissociation of the carbonate and thus release of Fe(ll1).

Neisseriaemploy the TbpAB system (Thp = TF-binding protein) to acquire iron from
hTF[48-50]. TbpAB recognizes and binds holo-hTF, removes Fe(l11) from the protein, and
transports the metal ion into the cell. TbpA (100 kDa) isa TBDT and TbpB (~80 kDa) is
its bilobal co-receptor. TpbA binds apo- and holo-hTF with similar affinities, and extracts Fe
from hTF in the absence of TpbB. Nevertheless, iron removal from holo-hTF occurs more
rapidly when the co-receptor is present [51,52]. TbpB preferentially binds holo-hTF and
thereby facilitates capture of the holo-form and, following Fe(ll1) extraction, release of apo-
hTF [53,54].

Recent crystallographic and cryo-electron microscopy studies provided structures of ThpA
—hTF and TbpB—hTF, a model for the ThpA—TbpA—hTF ternary complex, and
remarkable insight into the molecular basis of iron piracy by TbpAB (Figure 5) [55-57]. Co-
crystal structures of TopA—hTF and ThpB—hTF revealed that both ThpA and TbpB bind
the C-lobe of hTF, but at different sites (Figure 5A,B). In the current model, the N-lobe of
ThpB captures holo-hTF, and the resulting ThpB-holo-TF complex forms a transient ternary
complex with ThpA (Figure 5B), which allows transfer of holo-hTF to ThpA [56]. It has
been proposed that formation of the holo-hTF—TbpB complex locks hTF in the closed
Fe(l11)-bound conformation until delivery to ThpA occurs, thereby increasing the efficiency
of metal import. Long extracellular loops of ThpA and an extended loop from the plug
domain interact with the C-lobe of holo-hTF (Figure 5B) [55]. A helix finger within one of
the extracellular loops is postulated to facilitate iron release from holo-hTF by inserting a
lysine residue into the cleft of the hTF C-lobe and thereby destabilizing the coordination site
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[55]. Moreover, binding of hTF to ThpA causes conformational changes in the plug domain
of ThpA, initiating energy transduction via interaction with TonB-ExbB-ExbD and
transport of the Fe(l11) ion through the p-barrel. Unfolding of the plug domain creates a
pathway in the B-barrel lined by multiple oxygen donor atoms from adjacent amino acid
residues (EIEYE motif, Figure 5B). These oxygen donors have been proposed to transiently
bind Fe(l11) during its transport through TpbA.

Following transport across the OM and entry into the periplasm, FbpA (Fe-binding protein,
a PBP) coordinates the Fe(l1) ion and delivers it to the ABC transporter FbpBC for
cytosolic delivery (Figure 2) [58,59]. FbpA is described as “bacterial transferrin” because of
its structural and functional similarities with hTF [60]. Lastly, FbpBC is also required for
cytosolic iron delivery from other non-heme sources that include iron extracted from hLF
and ferric citrate [61].

Iron removal from lactoferrin

Lactoferrin (LF) is a member of the transferrin protein family primarily found in mucosal
secretions, including breast milk in lactating females, and as a cytoplasmic component of
neutrophils [34]. Whereas the main physiological role of TF is iron transport, LF is a
component of the innate immune system and primarily serves a protective function at
mucous membranes [62]. It contributes to the metal-withholding response by sequestering
Fe(I11) from invading microbes (Figure 1) [34,62]. hLF (~80 kDa) shares 60% sequence
identity with hTF, exhibits a bilobal structure, and coordinates one Fe(lll) ion at each lobe
with the same ligand set as TF (Figure 4C,D) [43,63,64]. Nevertheless, equilibrium dialysis
studies revealed that hLF exhibits ~260-fold higher Fe(l11) affinity than hTF, and Fe(lll)
dissociation occurs less readily from Fe(l11)-hLF than from Fe(l11)-hTF under acidic
conditions [64,65]. The latter feature presumably allows LF to retain bound iron in low pH
environments such as the stomach and at sites of inflammation [64].

Neisseria utilize LbpAB (LF-binding protein) to extract Fe(I11) from hLF. Structural data for
this system is limited and, to the best of our knowledge, only a crystal structure for the N-
lobe of LbpB has been reported to date [66]. Nevertheless, this system exhibits similarities
to ThpAB, and bioinformatics and homology modeling afforded a proposal for how LbpAB
extract Fe(l1l) from hLF [67]. The TBDT LbpA shares ~#40% sequence identity with ThpA,
and a homology model indicated that LpbA displays the extended plug loop for ligand
binding, the helix finger involved in Fe(l11) extraction, and the EIEYE motif for Fe(lll)
transport through the p-barrel as observed for ThpA (Figure 5B). The co-receptor LbpB
shares ~30% sequence identity with its hTF homologue ThpB and is predicted to have a
similar bilobal structure and preferentially bind holo-hLF [50,67]. Biophysical and structural
investigations will inform the working model for LbpAB, and illuminate whether this system
employs the same Fe(l11) release mechanism as ThpA or whether a modified strategy is
required because of differences in the Fe(ll1)-binding affinities of hLF.

In addition to enabling Neisseriato use hLF as an iron source, LbpB has been reported to
protect N. meningitidis from the bactericidal effects of lactoferricins [68], which are small,
cationic peptides that form as a result of proteolytic degradation of LF. Lactoferricins are
found at sites of infection and exhibit antibacterial activity [69]. It appears that LbpB
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captures lactoferricins by electrostatic interactions between the negatively charged amino
acid residues in its C-lobe and the cationic peptides [68].

Iron removal from hemoglobin

Approximately 70% of iron in the human body exists in the form of heme [32]. Most heme
is bound to the oxygen-carrying protein hHb. Neisseriaand many other bacterial pathogens
exploit Hb as an iron source [3-5,28]. N. gonorrhoeae and N. meningitidis express the
TBDT HpuB and its co-receptor HpuA to acquire heme from Hb and the Hb-haptoglobin
complex [70-72]. N. meningitidis also expresses a second Hb-binding receptor, HmbR
[70,73]. Both systems extract heme from Hb and transport it into the periplasm. Heme is
subsequently transported to the cytoplasm where heme degradation, catalyzed by the heme
oxygenase HemO, affords iron release [74,75]. The mechanism of heme transport into the
cytoplasm requires further investigation [27]. The neisserial Hb receptors show some
similarity to the Tf and Lf receptors, but less molecular details are known to date. A
structural model of the co-receptor HpuA from N. gonorrhioeae in complex with Hb, which
was based on a crystal structure of the C-terminal portion of HpuA, was reported recently
[REF].

Neisseria pirate zinc from calprotectin

Zinc is an essential nutrient for all organisms [76]. This abundant and ubiquitous metal ion is
a structural or catalytic component of several thousand proteins in the human genome
[76,77]. In humans, Zn(Il) homeostasis is controlled by Zn(I1) transporters (ZnTs, ZIPs) and
metallothioneins, the latter of which are cysteine-rich peptides that act as cellular Zn(Il)
buffers by maintaining low free Zn(lIl) concentrations and providing Zn(Il) when needed by
the cell. The total intracellular Zn(11) concentration is estimated to be 200 uM [78]. Most
intracellular Zn(11) is tightly bound to proteins, and the levels of “free” Zn(Il) are estimated
to be ~10710 M for most cell types [77,78]. Zn(l1) is an important player in the immune
response to invading pathogens; the host can either enhance or restrict Zn(1l) availability to
cause zinc intoxication or zinc starvation of the pathogen, respectively [79]. To restrict zinc
availability at infection sites, the human innate immune system deploys Zn(l1)-sequestering
host-defense proteins, including the abundant neutrophil protein calprotectin (CP) [80]. hCP
is a component of neutrophil extracellular traps (NETS), which form when neutrophils
release proteins and chromatin to capture and kill microbes [81-82]. In this section, we
consider the competition between the host and NeJsseria for zinc by highlighting two recent
studies reporting that Neisseria overcome zinc limitation by expressing TBDTS that capture
Zn(11)-hCP and use this innate immune factor as a zinc source [7,8].

hCP is a heterooligomer of the proteins S100A8 (10.8 kDa) and S100A9 (13.2 kDa) (Figure
6A) [83,84]. Each S100 subunit contains two Ca(ll)-binding EF-hand domains [84,85], and
Ca(ll) binding causes hCP to convert from a low-M(ll) to a high-M(II) affinity form [86—
88]. Both forms coordinate transition metals and display antibacterial activity; however, hCP
exhibits enhanced transition-metal affinities and enhanced antimicrobial activity in the
presence of excess Ca(ll) ions [86—88]. Because cytoplasmic Ca(ll) levels are typically low
(i.e. nanomolar range) and extracellular Ca(ll) levels are high (2 mM) [89], the current
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model states that CP responds to local Ca(ll) concentrations and morphs into the high M(11)-
affinity form following release into the extracellular space [86—88]. The hCP heterodimer
has two transition-metal-binding sites that form at the S100A8/S100A9 interface. Site 1 is a
HiszAsp motif (Figure 6B) and site 2 is a Hisg motif (Figure 6C) [84,85,90-93]. Both sites
coordinate Zn(11) with high affinity (Kg < 1 x 10712 M, +Ca(ll)) and contribute to Zn(ll)
sequestration [94].

A recent microbiology study examined a ~#100-kDa TBDT of unknown function expressed
by N. meningitidis that was originally named TdfH [7]. This TBDT is of similar size to
TpbA and LpbA, and it was predicted to bind an as-yet unidentified protein. Moreover, TdfH
expression was induced under Zn(lI1)-limited conditions and controlled by the zinc-
dependent repressor Zur. It was subsequently discovered that N. meningitidis binds hCP in a
TdfH-dependent manner [7]. This interaction was enhanced in the presence of Zn(ll),
suggesting that TdfH preferentially binds Zn(11)-hCP over the apo form. When cultured
under Zn(I)-limited conditions in the presence of hCP, N. meningitidis grew whereas a
mutant strain that could not express TdfH was unable to grow. Taken together, these data
afford a new model where N. meningitidis responds to Zn(ll) starvation by expressing a
TBDT that captures Zn(l1)-hCP and uses this protein as a Zn(I1) source. This discovery
resulted in re-naming of TdfH to CbpA (CP-binding protein) A [7].

N. gonorrhoeae have a homologous TBDT, hereafter called CbpA [8]. This transporter is
also expressed under condition of Zn(I1) limitation and allows N. gonorrhoeae to use Zn(11)-
CP as a Zn(ll) source. Moreover, CbpA enhanced N. gonorrhoeae resistance to NET-
mediated killing, which suggests that N. gonorrhioeae binds Zn(11)-CP and obtains nutrient
Zn(11) from this metal-sequestering protein when entangled by NETS.

These two studies uncovered that metal acquisition from hCP is an adaptive strategy that
Neisseriaemploys to overcome Zn(ll) restriction. All sequenced strains of N. meningitidis
and ~81% of sequenced N. gonorrhoeae strains harbor the cHpA gene, suggesting an
important role for CbpA in host colonization [7,8]. The discovery of this Zn(lIl) acquisition
system provides inspiration for future work addressing the molecular basis of CbpA in metal
acquisition, including how CbpA binds hCP and extracts Zn(ll). Along these lines, studies
with N. meningitidrs indicated that CbpA also binds Mn(I1)-hCP [7]. This observation
suggests that metal acquisition by CbpA may extend beyond Zn(ll). hCP has a remarkable
ability to sequester multiple first-row transition metal ions at its Hisg site [88,93], and it is
plausible that Neisseria exploits this property to ensure that each M(I1)-hCP-CbpA binding
event results in productive metal acquisition. Although hijacking calprotectin for Zn(ll)
acquisition has only been observed for Neisseriato date, other pathogens may express
homologs of CbpA or exploit other members of the S100 protein family (e.g. SI00A7,
S100A12) for nutrient metal acquisition [7]. The mechanism of Zn(1l) is transport into the
bacterial cytoplasm after uptake by CbpA has not been specifically addressed; however,
involvement of ZnuABC (Zn(Il)uptake) is likely [REF1]. Neisseria also express a TBDT
named ZnuD for Zn(l1) acquisition. In contrast to CpbA, this TBDT has been proposed to
mediate the transport of “free” zinc ions [REF2,REF3].
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Summary and Concluding Remarks

In this Essay, we present Neisseria as a case study of how a human pathogen overcomes
metal-limitation in the host environment by hijacking abundant host metalloproteins to
obtain iron and zinc. The highlighted work exemplifies how coordination chemistry
underlies the host-microbe interaction, and how fundamental studies in bioinorganic
chemistry, structural biology, and microbiology advance understanding of microbial
virulence and infectious disease.

We note briefly that Neisseriaemploy many additional strategies for obtaining nutrient
metals in the host environment [7,23,95-98]. An arsenal of metal transport systems allows
Neisseriato readily adapt to changes in metal availability [99]. For instance, although
Neisseria do not biosynthesize siderophores, microbial metabolites that are produced under
nutrient-limited conditions for Fe(l11) acquisition, these microbes express TBDTS that
recognize and transport “xenosiderophores,” i.e. siderophores made by other bacterial
species [95-98]. Thus, in addition to the host-microbe interaction, TBDTSs allow Neisseriato
participate in microbe-microbe interactions and compete for metal nutrients with other
species occupying the same niche.

The global community is confronted with the public health problem of antibiotic resistance
in hospital and community settings, necessitating new strategies to prevent and treat
infectious disease. Structural and mechanistic investigations of microbial metal-ion transport
systems provide the foundation for evaluating whether these systems have potential as
targets for therapeutic development. This direction is warranted for infections caused by
Neisseria because strains are increasingly resistant to antibiotics in clinical use and there is
currently no vaccine available for N, gonorrhoeae. Along these lines, TopAB and LbpAB
have been identified as important targets for vaccine development [13,67]. Also noteworthy,
a recent study demonstrated that the ThpA-hTF binding surface is the subject of an
evolutionary arms race, indicating that rapid variation of host TF contributes to nutritional
immunity by allowing the protein to avoid capture by TpbA [100,101]. In closing, transition
metals play essential roles in the host-pathogen interaction and microbial pathogenesis. We
expect that further elucidation of the systems involved in microbial metal transport and
homeostasis for Meisseriaand other human pathogens will enhance our fundamental
understanding of metals in biology and provide a valuable guide for new approaches to treat
infectious disease.
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Figure 1.
Overview of human metalloproteins and bacterial TBDTs discussed in this review. The

cartoon depicts the competition between human host and Neisseria for iron and zinc. Metal
withholding by human transferrin (Fe(l11)), lactoferrin (Fe(l111)), hemoglobin (heme Fe), and
calprotectin (Zn(I1)) occurs during infection. Neisseria hijack these host proteins for metal
acquisition by expressing the TonB-dependent transporters ThpA, LbpA, HpuB, HMbR,
CbpA, and TdfH. Calprotectin also binds Mn(I1) and Fe(ll), and Neisseria might be able to
extract these metal ions from the protein in a similar fashion to that of Zn(ll) acquisition.
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TonB-dependent transport by Gram-negative bacteria. Ligand binding at the TBDT (1),
which can be mediated by a co-receptor (shown), results in conformational changes in the
transporter. An interaction between the TonB box of the TBDT and the TonB—ExbB-ExbD
complex occurs (2). Subsequently, the TonB complex provides energy for ligand transport
across the OM (3, 4). After entry into the periplasm, most ligands are bound by a PBP (5).
The PBP shuttles the ligand to an ABC transporter (6) that mediates transport across the IM
(7). Abbreviations: OM, outer membrane; IM, inner membrane; TBDT, TonB-dependent
transporter; PBP, periplasmic binding protein; ABC, ATP-binding cassette.
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Figure 3.
General structure of a TBDT exemplified with the ferric enterobactin transporter FepA. (A)

Crystal structure of FepA (PDB: 1FEP) [16]. The membrane view is shown. (B) View from
the periplasm (bottom) into the barrel. (C) View from the extracellular space (top) or
periplasm (bottom) into the barrel, respectively, depicted as surface model. The barrel
domain is shown in tan, and the plug domain in blue.
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Figure 4.
Structures of diferric hTF and hLF. (A) Crystal structure of hTF with Fe(ll1) ions bound at

both lobes (PDB: 3V83)[55]. (B) Iron-binding site of the C-lobe of hTF; the metal-binding
residues are shown in tan. (C) Crystal structure of hLF with Fe(l11) ions bound at both lobes
(PDB: 1BO0L) [63]. (D) Iron-binding site of the C-lobe of hLF (red) in superposition with the
coordinating residues from the C-lobe of hTF (teal). The Fe(lll) ions are shown as orange
spheres.
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Figureb.
Interaction of hTF with TbpAB of N. meningitidis. (A) Crystal structure of hTF bound to the

co-receptor ThpB (PDB: 3VEL)[56]. ThpB is shown in gray/brown and TF is shown in teal/
cyan. (B) Crystal structure of hTF bound to the TBDT ThpA (PDB: 3V8X)[55]. TF is
shown in teal/cyan, TbpA in tan with the plug domain depicted in blue, and the helix finger
and EIEYE motif in red; a Fe(lll) ion has been modeled into the hTF C-lobe and is shown as
an orange sphere. (C) Model of the ternary complex as determined by negative stain electron
microscopy [55]. TF is shown in yellow, ThpA in green, and TbpB in cyan. The figure is
reproduced with permission from Nature Publishing Group [55] Abbreviations: hTF, human
transferrin; OM, outer membrane.
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Figure®6.
Structure of the human CP heterodimer showing the sites for transition metals. (A) Crystal

structure of Mn(l11)-, Ca(ll)-, and Na(l)-bound hCP (PDB: 4XJK)[93]. A heterodimer taken
from a heterotetramer structure is shown. The S100A8 subunit is shown in green, the
S100A9 in blue; the Mn(Il) ion is a magenta sphere, the Ca(ll) ions are yellow spheres, and
the Na(l) are purple spheres. (B) Site 1 is a HisgAsp motif. (C) Site 2 is a Hisg motif and is
shown with a bound Mn(11) ion. No structure of Zn(I1)-hCP is available; however, solution
studies show that both the HiszAsp and Hisg sites coordinate Zn(l1), resulting in a 2:1
stoichiometry per heterodimer[86,94].
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