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An update on iron acquisition by Legionella pneumophila: new
pathways for siderophore uptake and ferric iron reduction
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Abstract

Iron acquisition is critical for the growth and pathogenesis of Legionella pneumophila, the
causative agent of Legionnaires’ disease. L. pneumophila utilizes two main modes of iron
assimilation, namely ferrous iron uptake via the FeoB system and ferric iron acquisition through
the action of the siderophore legiobactin. This review highlights recent studies concerning the
mechanism of legiobactin assimilation, the impact of c-type cytochromes on siderophore
production, the importance of legiobactin in lung infection and a newfound role for a bacterial
pyomelanin in iron acquisition. These data demonstrate that key aspects of L. pneumophila iron
acquisition are significantly distinct from those of long-studied, ‘model” organisms. Indeed, L.
pneumophila may represent a new paradigm for a variety of other intracellular parasites,
pathogens and under-studied bacteria.
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Legionella pneumophila is a Gram-negative bacterium that is ubiquitous in both natural and
man-made water systems [1,2]. One of 59 species within the Legionella genus [3,4], L.
pneumophila is best known as the main etiologic agent of Legionnaires’ disease, a
potentially fatal form of pneumonia [2]. Of note, the incidence of Legionnaires’ disease in
the USA has increased approximately threefold since 2001, with similar increases occurring
in Europe and Canada [5,6]. In aquatic environments, L. pneumophila flourishes as an
intracellular parasite of amoebae and as a constituent of multiorganismal biofilms [1,7-8].
Humans are infected with the bacterium primarily by inhaling contaminated water droplets
from aerosol-generating devices, including, most notoriously, cooling towers [9]. Once in
the lung, L. pneumophila invades and grows in alveolar macrophages [10]. The ecology and
pathogenesis of L. pneumophila is governed, to a great extent, by a remarkably large number
of secreted proteins [8,11,12]. Iron acquisition is yet another key component of the
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organism’s physiology and virulence [13]. As one form of iron acquisition, L. pneumophila
assimilates ferrous iron through the action of the inner-membrane protein FeoB [14]. This
transport system is required for optimal intracellular infection of amoebae and macrophages
as well as for full virulence in a murine model of pneumonia [14]. As a second form of iron
uptake, L. pneumophila secretes legiobactin, a low-molecular weight, nonprotein, ferric iron
chelator [15,16]. L. pneumophila secretes legiobactin, when it is grown in low-iron,
chemically defined media [15]. The iron-chelating activity of the siderophore is readily
detected by the chrome azurol S (CAS) assay. Legiobactin is also defined by its ability to
stimulate the growth of iron-starved legionellae, including wild-type bacteria and a feoB
mutant [16]. Early work demonstrated that legiobactin production is governed by the iron-
regulated IbtA and IbtB genes [16]. LbtA has homology to known siderophore synthetases,
and LbtB is related to inner membrane proteins that are involved in the export of other
siderophores. Thus, cytoplasmic LbtA is likely involved in the synthesis of legiobactin,
while LbtB mediates movement of legiobactin across the inner membrane (IM) prior to its
final export. This review will discuss recent data concerning the mechanism of legiobactin
utilization, the effect of c-type cytochromes on legiobactin production and the role of the
siderophore in infection [17-20]. Additionally, it will describe a newly uncovered role for
pyomelanin in iron acquisition [21,22]. As in the earlier studies, these recent data derive
from the analysis of L. pneumophila strain 130b, a clinical isolate belonging to serogroup 1.
The various genes that have been implicated in iron acquisition and will be discussed here
are listed in Table 1, along with their open-reading-frame (ORF) designations in strain 130b
as well as strains Paris and Philadelphia-1.

LbtU, the unique receptor for legiobactin

Recent work has identified the receptor for legiobactin [18]. DNA sequence and RT-PCR
analyses revealed the presence of an iron-repressed gene (IbtU) directly upstream of IbtA
and IbtB. Based upon bioinformatic analysis, LbtU is an outer membrane (OM) protein with
extracellular domains, a transmembrane p-barrel, and short periplasmic tails. Immunoblot
analysis of cellular fractions confirmed this OM location. Mutants specifically lacking IbtU
are impaired for growth on low-iron media. Although normal for legiobactin production,
IbtU mutants are unable to utilize legiobactin for growth on iron-deplete media and display
an impaired ability to uptake iron. Complemented IbtU mutants behave as the parental wild-
type does, indicating that all mutant phenotypes are due specifically to the loss of LbtU. A
cloned copy of IbtU can confer the ability to bind legiobactin upon a heterologous
bacterium, Legionella longbeachae. Together, these data indicate that LbtU is involved in
the uptake of legiobactin. Given its OM location, LbtU is most likely the receptor for
legiobactin. Presumably, ferrilegiobactin binds to a surface domain(s) of LbtU and then
passes through an OM-spanning pore created by the protein. Formally, an alternative
hypothesis is that the ferric iron is released from the siderophore while still extracellular and
LbtU provides transport for “free” iron. However, since the IbtU mutant could, like wild-type
bacteria, grow on low-iron media when provided with Fe3* or Fe?* salts, it seems unlikely
that LbtU is a nonspecific transporter of “free’ iron.

LbtU appears to represent a new type of siderophore receptor [18]. LbtU is predicted to have
eight external loops, a 16-stranded transmembrane p-barrel, and short N- and C-terminal
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periplasmic tails. This structure differs from those of previously characterized siderophore
receptors, including FecA, FepA, FhuA, FpvA and FptA, all of which have a 22-stranded
barrel and an extended N-terminus that binds the energy-transducing molecule TonB. This
structural difference, coupled with the fact that L. pneumophila does not encode TonB or its
interacting proteins ExbB and ExbD, implies that LbtU mediates iron uptake in a way that is
mechanistically distinct from the existing paradigm. Compatible with this hypothesis, 3D-
modeling by the I-TASSER and Phyre servers suggests that the 16-stranded barrel of LbtU
provides a channel through the OM in a way that is different from the well-known 22-
stranded B-barrel receptors. LbtU is not alone in being distinct from ‘traditional’ siderophore
receptors. Indeed, a 14-stranded-pB-barrel protein is a siderophore receptor for Francisella
species [28]. However, LbtU and the Francisella proteins (e.g., FsSIE of F. tularensis) are
different from each other in terms of the number of f-strands and there being an extended
periplasmic tail in the Francisella protein. BLASTP results indicate that LbtU has similarity
to hypothetical proteins that are predicted to be in the OM of Coxiella burnetii and
Rickettsiella grylli, suggesting that LbtU may be the prototype of a new form of receptor.

In thinking about how LbtU might mediate iron acquisition, an important question is what
fulfills the role of TonB-ExbBD in L. pneumophila [18]. One plausible answer is the Tol
system (i.e., TolA, TolQ and TolR) which, in other bacteria, operates similarly to TonB-
ExbBD, although with a different purpose, including the import of colicins [29]. In some
cases, TolQ and TolR can function, albeit imperfectly, as replacements for ExbB and ExbD,
even promoting iron uptake. A second possible answer to this question is that L.
pneumophila uses a pathway that is completely distinct from TonB-ExbBD and TolAQR.
Although more work is needed in order to distinguish between these two possibilities, it is
clear that the energy generated by proton motive force is required for iron uptake by L.
pneumophila [18]. Since LbtU lacks an extended periplasmic tail, another question is how
the protein transitions between plugged/unplugged states in order to allow for the controlled
import of siderophore and iron. One hypothesis would be that LbtU exists in a closed state,
which can transition to an open state when siderophore is engaged. A second scenario is that
another protein, perhaps the mimic of TonB, provides the plug, moving away from LbtU
when iron is imported. Additional study of LbtU will have implications for other Gram-
negative (like) bacteria that lack TonB, including species of Chlamydia, Chlamydophila,
Coxiella, Ehrlichia, Francisella and Rickettsia [30].

LbtC, the IM transporter for legiobactin

After LbtU was defined, the LbtC protein was identified as an IM protein that is required for
legiobactin utilization [20]. RT-PCR and DNA sequence analyses identified IbtC as an iron-
repressed gene that is the last gene in the operon containing IbtA and IbtB. In silico analysis
predicted that LbtC is a member of the major facilitator superfamily (MFS). More
specifically, LbtC is within the DHA-12 subfamily in the MFS that is typically involved in
the transport of small molecules across the IM. As was the case for IbtU mutants and IbtA
mutants, IbtC mutants display impaired growth on low-iron media. Although elaborating
wild-type levels of siderophore, IbtC mutants, such as IbtU mutants, cannot utilize
legiobactin to stimulate their growth on low-iron media. The mutants also have an impaired
capacity to assimilate radiolabeled iron. All mutant phenotypes can be complemented by
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reintroduction of IbtC. When both IbtC and IbtU are introduced into L. longbeachae, the
bacterium acquires the ability to use legiobactin. Together, these data indicate that LbtC is
required for the assimilation of legiobactin and based upon its location is likely the conduit
for ferrilegiobactin transit across the 1M.

The definition of LbtC provides new insight into bacterial siderophore transport [20]. In
past, ATP-binding cassette (ABC)-type permeases have generally been defined as the
conduit for ferrisiderophore import across the cytoplasmic membrane [31]. Indeed, only a
few non-ABC-type systems have been identified as being important for siderophore
transport across a bacterial membrane, including FptX of Pseudomonas aeruginosa and
homologous RhtX of Sinorhizobium meliloti [32,33]. However, although RhtX and FptX are
members of the MFS, they are placed into a subfamily that is distinct from that of LbtC [20].
Based upon BLASTP, LbtC has its greatest level of similarity with FsID/FigD, a protein
encoded by the siderophore operon of Francisella [34]. Thus, the LbtC-like proteins and the
RhtX-like proteins represent two types of MFS IM transporters involved in bacterial
siderophore import. Since LbtC can confer upon L. longbeachae the ability to use
legiobactin [20], it appears that a single MFS protein can mediate siderophore import across
the IM. Compatible with this viewpoint is the fact that other MFS transporters act as single-
protein carriers albeit for different sorts of molecules [35], and 3D-modeling predicts that
LbtC has the capacity to form a pore in the IM [20].

A c-type cytochrome promotes siderophore production

Early studies determined that the ccm locus promotes L. pneumophila growth in low-iron
conditions, suggesting that cytochrome ¢ maturation has a role in intra- and extracellular
iron acquisition [36,37]. The ccm locus is an eight-gene operon that encodes a protein
complex which transports heme across the IM and then attaches it to apo-cytochromes in the
periplasm as a final step in the maturation of c-type cytochromes [38,39]. Recently, it was
reported that L. pneumophila Ccm is needed for expression of legiobactin [19]. Indeed, ccm
mutants of L. pneumophila display a loss of siderophore, as measured by both the CAS
assay and the Legionella-specific bioassay. Compatible with these data, ccm transcripts are
expressed by legionellae when grown in deferrated medium. To discern the basis for this
new role for Ccm, mutants lacking individual c-type cytochromes were made and examined.
Whereas mutants lacking cytochrome ¢4 or cytochrome cs have normal siderophore
expression, cyc4 mutants defective for cytochrome c,4 lack legiobactin [19]. These data,
coupled with the expression pattern of cyc4 mRNA, affirm that cytochrome ¢4 promotes
siderophore production. The data obtained from the study of L. pneumophila are the fourth
case in which Ccm has been linked to siderophore expression, with past cases involving
Paracoccus denitrificans, P. aeruginosa, Pseudomonas fluorescens and Rhizobium
leguminosarum [19,40]. Since the four genera involved in these studies are quite distinct
from each other as are the structures of their representative siderophores [17], the connection
between Ccm and siderophore likely also exists in a variety of other bacteria.

It has been proposed that the role of cytochrome ¢, in legiobactin production is due to there
being an important electron-transfer step in the periplasm [19]. This could involve the
shuttling of electrons to an enzyme that is needed for legiobactin maturation or secretion,
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since periplasmic enzymes are known to have roles in siderophore synthesis in some other
bacteria [41]. On the other hand, cytochrome ¢4 might have a more indirect role, such as
maintaining a redox state in the periplasm that is compatible with legiobactin processing.
Because cytochromes cq and cs are not needed for legiobactin production, there is
undoubtedly some specificity to the relationship between c-type cytochromes and the
siderophore pathway.

The importance of legiobactin in infection

Another recent study documented the importance of legiobactin in lung infection by L.
pneumophila [17]. Independently-derived IbtA mutants, but not a complemented derivative,
exhibit a reduced ability to infect the lungs of A/J mice after intratracheal inoculation. The
mutants display an in vivo defect that ranges from 3 to 13-fold over the 3-day course of
infection. This defect, however, is not evident when the IbtA mutant and its parental strain
are co-inoculated. These data indicate that siderophore released by the wild-type strain can
enhance the growth of the mutant in trans. L. pneumophila IbtU mutants are also impaired
for infection in a legiobactin-dependent manner [18]. Interestingly, IbtA mutants that are
unable to produce legiobactin grow normally in murine lung macrophages and alveolar
epithelial cells, suggesting that the siderophore is promoting something other than
intracellular infection of resident cells [17]. In one scenario, legiobactin could be facilitating
the growth or survival of a subset of bacteria that are residing in the extracellular spaces in
the lung. That extracellular survival is a part of Legionella infection has been indicated
before when other sorts of mutants were found to be more defective in lung infection than in
intracellular infection assays [42]. In another scenario, legiobactin might be crucial for
intracellular growth after the immune system has been engaged; for example, y-interferon
activated macrophages contain reduced levels of iron [43]. That legiobactin promotes
infection is in keeping with our overall understanding of siderophores in infection [17].
Indeed, siderophores produced by Bordetella species, Burkholderia cenocepacia, Klebsiella
pneumoniae and P. aeruginosa promote the extracellular growth and/or survival of the
bacteria in the lungs. Moreover, siderophores are necessary for bacterial growth in
macrophages, in the case of Bacillus anthracis, Brucella abortus, Mycobacterium
tuberculosis and Salmonella enterica. Finally, in a situation most akin to that of L.
pneumophila and legiobactin, siderophore mutants of Shigella flexneri are not defective for
intracellular infection in vitro but are defective when examined in an animal model of
disease.

The size of the defect displayed by the IbtA mutant is in agreement with our knowledge of
iron acquisition in bacterial infection; in other words, since pathogens generally have
various means for getting iron, the loss of one pathway often does not eliminate virulence
and in some cases may have little to no effect on in vivo growth [44]. In the case of L.
pneumophila, the other pathways that might compensate for the lack of legiobactin include
the above-mentioned FeoB system, heme-binding capability, a putative iron-peptide
transporter and a pyomelanin (see below) [14,21,37,45,46]. Based on its possession of an
IbtA-like gene (frgA), L. pneumophila might even be capable of producing a second
siderophore [16,47]. It is also worth considering that legiobactin could be promoting
virulence in ways that are distinct from its role in iron assimilation. Along those lines, the
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pyoverdine siderophore made by P. aeruginosa acts as a signaling molecule, regulating the
expression of other virulence factors [48,49], and another P. aeruginosa secreted factor,
PQS, is both an iron chelator and quorum-sensing molecule [50]. Furthermore, P.
aeruginosa pyochelin, by virtue of being a catalyst for generating hydroxy! radical, is a
mediator of tissue damage [51].

L. pneumophila pyomelanin & its newfound role in iron acquisition

It has been known, for a long time, that L. pneumophila secretes a brown pigment [52]. As
demonstrated by Steinert et al., this pigment is a polymerized form of homogentisic acid
(HGA), a secondary metabolite that is secreted by the bacterium [53]. Depending upon the
availability of L-tyrosine or L-phenylalanine, the initial synthesis of HGA in the bacterial
cytoplasm occurs in either two or three steps [53,54]. If exogenous tyrosine is present in
sufficient amount, the process begins with the conversion of L-tyrosine to 4-
hydroxyphenylpyruvate through the action of the amino acid transferase encoded by the
hisC2 gene. In the next and last step, 4-hydroxy-phenylpyruvate dioxygenase, encoded by
the lly gene, converts 4-hydroxyphenylpyruvate to HGA. If exogenous tyrosine is absent or
in low amount but L-phenylalanine is present, the process starts with the conversion of L-
phenylalanine to L-tyrosine as catalyzed by phenylalanine hydroxylase encoded by the phhA
gene. Once it is made, whether in two or three steps, HGA is secreted out of the bacterial
cell by an as yet unknown mechanism, and then it can undergo oxidative polymerization
resulting in HGA-melanin, a form of pyomelanin [21]. In addition to being subject to
secretion, cytoplasmic HGA can also be converted to 4-maleylacetoacetate through the
action of the homogentisate 1, 2-dioxygenase enzyme that is encoded by hmgA [21,54]. For
years, the only role linked to L. pneumophila HGA-melanin was resistance to light [55].
During a screening of mutagenized L. pneumophila for strains that could not rescue the
growth of the feoB mutant, an unusual mutant was obtained that had a strong inhibitory
effect on the ferrous transport mutant [21]. The mutant proved to be an hmgA mutant that
produced elevated levels of HGA-melanin. Thus, it was posited that secreted HGA-melanin
is capable of conferring ferric reductase activity and that hyperpigmentation results in an
excessive reduction of iron that can, in the case of the feoB mutant, slow growth. Supporting
this hypothesis, culture supernatants of wild-type L. pneumophila contained ferric reductase
activity [21]. Furthermore, a lly mutant defective for production of the pyomelanin lacked
the reductase activity, whereas the hyperpigmented hmgA mutant had increased activity. In
agreement with the nature of HGA-melanin, the secreted activity was enhanced by the
presence of tyrosine in the growth media, resistant to protease treatment, acid-precipitable
and heterogeneous in size [21]. Taken together, these data indicated that HGA-melanin,
directly or indirectly, promotes the reduction of extracellular ferric iron, and therefore it
might constitute an alternative pathway for iron acquisition.

Next, it was determined that purified HGA and HGA-melanin can mediate the reduction of
ferric nitrate, ferric chloride, ferric citrate and ferric pyrophosphate [22]. Importantly, HGA
and HGA-melanin could also promote the uptake of radiolabeled iron by strains of L.
pneumophila, L. anisa, L. jamestowniensis and L. micdadei [22]. In the case of a feoB
ferrous iron transport mutant of L. pneumophila, this increase in iron acquisition was not
evident. Together, these data indicate that HGA and its polymerized form directly promote
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the reduction of ferric iron and the ferrous iron that is generated is subject to assimilation by
the bacteria. Interestingly, the HGA-melanin fraction that is found in bacterial supernatants
contains ferric iron and ferrous iron and is capable of stimulating the growth of bacteria that
had been depleted of iron [22]. Because material obtained from the culture supernatants of a
nonpigmented mutant did not enhance growth, HGA-melanin is a potentiator of bacterial
growth in low-iron conditions. In support of its role in iron assimilation, the amount of
HGA-melanin in L. pneumophila supernatants is inversely related to siderophore activity; in
other words, an IbtA mutant made fourfold more HGA-melanin than did the wild-type strain,
and the hmgA mutant produced lower amounts of siderophore [22]. Compatible with a role
in the biology of environmental L. pneumophila, HGA and HGA-melanin were able to
reduce and release iron from insoluble ferric hydroxide. Suggestive of a role in
pathogenesis, HGA and the pyomelanin were effective at reducing and releasing iron from
ferritin and transferrin, two iron chelates that occur within the mammalian host [22].

These data from L. pneumophila are the first documentation of a role for HGA and a
pyomelanin in bacterial iron acquisition. On the one hand, the ferrous iron that is generated
by HGA and HGA-melanin might diffuse to the bacterial surface and be internalized by a
yet-to-be-defined OM channel. On the other hand, since ferrous iron is typically unstable at
neutral pH in aerobic conditions and because iron associates with HGA-melanin in the
culture supernatants, the pyomelanin might function as a shuttle or trap ‘protecting’ and then
bringing ferrous iron to the bacterial cell surface. In support of the latter scenario, HGA-
melanin enhanced iron uptake to the same level as did several stronger reducing agents [22].
Thus, the extent of iron assimilation is likely influenced by the polymerized status of the
reducing agent or the nature of the HGA-melanin complex. Since other bacteria, including
B. cenocepacia, P. aeruginosa and Vibrio cholerae, elaborate HGA-melanin [21,56,57], the
results obtained with L. pneumophila and its pigment have broad implications. It should also
be noted that there are other types of secreted bacterial pigments, including the blue pigment
pyocyanin of P. aeruginosa, which can mediate ferric reduction reactions [58].

Overall model for L. pneumophila iron acquisition

The current model for Legionella iron acquisition is depicted in Figure 1. Table 1 provides a
listing of those genes that have been implicated in iron acquisition, as summarized below. L.
pneumophila has two main modes of iron acquisition, namely siderophore-mediated Fe3*
uptake (mode 1) and FeoB-mediated Fe2* uptake (mode 2) [13]. In support of this
hypothesis, researchers have been unable to isolate a mutant lacking both FeoB and LbtA
[16]. In mode 1, legiobactin (Lbt) is synthesized from precursors by the action of LbtA and
then passes across the IM via LbtB, a member of the MFS [16,17]. The Ccm system is
needed for full siderophore activity, with cytochrome ¢4 (secreted by Sec) facilitating
siderophore maturation by donating electrons or maintaining the proper redox state in the
periplasm [19,37]. Legiobactin likely exits the cell by passing through an OM channel, as
occurs for other siderophores [59]. After scavenging Fe3* from host and environmental
chelators, Fe3*-Lbt is recognized at the cell surface by LbtU [18]. Because L. pneumophila
does not have TonB-ExbBD, the organism undoubtedly has an alternative energy-
transducing system (TonB-mimic) that conjoins with LbtU to import Fe3*-Lbt. After entry
into the periplasm, Fe3*-Lbt passes through the IM via LbtC, another member of the MFS
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[20]. Upon delivery into the cytoplasm, Fe2* is released by reductases that are known to
exist there (Cfr) [60,61]. Alternately, reduction of Fe3*-Lbt might occur in the periplasm
through the action of a periplasmic reductase (Pfr) [60,62], with the resultant Fe2* then
moving across the IM via FeoB. Although Cfr and Pfr have been identified by biochemical
means, the genes encoding these reductases have not been defined. Once in the cytoplasm,
Lbt may or may not be recycled, as both outcomes occur in other bacteria [63]. In mode 2,
Fe2*is transported across the IM by FeoB [14]. As in other systems [64], a porin is likely the
conduit for Fe2* passage through the OM, and also as in others [65], a periplasmic
multicopper oxidase (Mco) aids in growth in the presence of Fe2* [66]. Recent work has
identified the iron-regulated protein IroT/MavN as being important for ferrous iron uptake
[67]. Predicted to be a membrane protein, IroT/MavN might be part of an IM transporter (as
depicted in Figure 1), OM transporter, or it may aid in the formation of a transporter. L.
pneumophila, secreted HGA-melanin can reduce Fe3* and is an important source of Fe2*for
import [21]. Twin-arginine translocation (Tat) is needed for L. pneumophila growth in low-
iron conditions but not for siderophore activity or LbtU localization [21,68], suggesting that
it might potentiate the trafficking of Fe3*-Lbt or Fe2* in the periplasmic space. Another
extracellular source of iron, which could be chelated by legiobactin or reduced, is the
degradative release of Fe3* from host transferrin (Tf) by the ProA/MspA protease that is
secreted by L. pneumophila type Il secretion (T2S) [11,61,69]. Underlying the FeoB and
legiobactin pathways is transcriptional regulation by the iron-responsive Fur repressor,
which controls fur, iroT/mavN, feoB, IbtU and IbtABC [14,16,67,70]. Another gene that is
highly regulated by iron and Fur is frgA [47]. Based upon the strong sequence similarity
between FrgA and other siderophore synthetases, including LbtA, it is possible that FrgA is
involved in the production of a yet-to-be-defined siderophore [16,47]. In addition to the
major FeoB and legiobactin pathways, L. pneumophila is able to bind and utilize heme
(hemin) as yet another iron source (mode 3 in Figure 1) [46]. The molecular basis of heme
utilization is minimally defined, although the Hbp protein is known to be required for
optimal hemin-binding by L. pneumophila and is capable of conferring hemin-binding upon
recombinant E. coli [46]. The cellular location of Hbp is likely to be either the OM (as
depicted in Figure 1) or the periplasm, and sequence analysis indicates that the hbp gene is
also subject to Fur regulation [46]. A possible fourth iron assimilation pathway that may be
operative in L. pneumophila is the utilization of iron-loaded peptides [13]. This hypothesis is
based upon the fact that IraB, which is homologous to di- and tripeptide transporters present
in the IM of other bacteria, promotes L. pneumophila growth on iron-deplete media [45,71].
Additionally, recent experiments indicate that IraB is not required for legiobactin production
or utilization [20]. Compatible with the role of iron acquisition in infection, many of the
genes that have been implicated in iron acquisition, including ccmC, feoB, frgA, iraB,
IbtABC, lly, phhA and proA (Table 1), are known to be expressed during intracellular
infection of host cells [16,20,54,72-73]. Finally, several studies have begun to examine iron
acquisition by the other species of Legionella. This work indicates that many but not all
Legionella species secrete siderophore activity [3,74]. In a similar vein, pigment production
is common but not universal among Legionella species [3]. These data may explain, in part,
the varying degrees to which Legionella species grow under low-iron conditions [3].
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Conclusion & future perspective

Studies of L. pneumophila illustrate both the importance of iron acquisition in bacterial
physiology and pathogenesis and the many ways in which iron can be assimilated.
Importantly, recent reports also demonstrate that several key aspects of L. pneumophila iron
acquisition are significantly different from those of other well-studied bacterial systems.
Thus, many important questions remain to be answered, since the continued study of L.
pneumophila has the potential to uncover new paradigms for iron uptake. For example, it
will be interesting to discern how LbtU and LbtC conjoin to facilitate legiobactin transport
across the bacterial cell envelope and how they do so in the absence of TonB-ExbBD.
Additional mechanistic questions include determining how cytochrome c,4 enhances
siderophore production. Future efforts should also be directed toward understanding more
precisely how legiobactin promotes pathogenesis as well as determining the role of HGA-
melanin within the context of lung infection. Given that L. pneumophila culture supernatants
contain a CAS-reactive substance(s) in addition to LbtA-dependent legiobactin as well as
the fact that the LbtA-like protein FrgA is required for optimal intracellular infection
[17,47], it will also be worthwhile to ascertain whether L. pneumophila in fact secretes a
second siderophore. Lastly, there is merit to learning the importance and molecular
mechanism of heme acquisition by L. pneumophila. Although certain aspects of Legionella
iron acquisition are likely to be reflections of the bacterium’s unique environmental and
intracellular niches, it is anticipated that many of the answers obtained from the work done
with L. pneumophila will have relevance for understanding other environmentally and/or
medically important microbes. Given its broad significance, iron acquisition systems can be
considered as potential targets for industrial application as well as disease control and
prevention. For example, increased understanding of siderophores may lead to the
generation of siderophore inhibitors (analogues) or antireceptor vaccines that could control
bacterial growth [63,75-81].
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EXECUTIVE SUMMARY

Iron acquisition is critical for the growth, intracellular infectivity and virulence
of Legionella pneumophila. The key pathways for iron uptake by L.
pneumophila are FeoB-mediated ferrous iron uptake and legiobactin-mediated
ferric iron assimilation. Both of these pathways promote virulence in a murine
model of pneumonia.

LbtU, the outer membrane receptor for legiobactin, and LbtC, the inner
membrane importer of legiobactin, are rather distinct from their counterparts in
well-studied bacterial systems. This, coupled with the absence of TonB-ExbB-
ExbD in L. pneumophila, indicates that ferrilegiobactin assimilation is
mechanistically unique. Yet, emerging data suggest that systems similar to that
of legiobactin may be operative in other important bacteria that are, at present,
relatively less characterized.

The HGA-melanin pigment that is secreted by L. pneumophila confers ferric
reductase activity, and the ferrous iron that is generated is used to stimulate
bacterial growth in low-iron conditions. This newfound role for a pyomelanin is
likely to be relevant for a variety of other significant microbes.

Given the importance of iron for bacterial ecology and pathogenesis, the
recently defined mediators of iron acquisition may represent potential target for
industrial and biomedical applications.
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Figure 1. Current model of iron acquisition by Legionella pneumophila
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Two primary modes are depicted. Legiobactin-mediated ferric iron assimilation (mode 1)
mainly involves LbtA- and LbtB-mediated siderophore production and LbtU- and LbtC-
mediated siderophore uptake. Ferrous iron assimilation (mode 2) involves the HGA-melanin
ferric reductase, the FeoB IM transporter and the accessory IroT/MavN protein. Also
depicted is a third pathway involving Hbp-mediated heme-iron uptake (mode 3). See the text
for further discussion and references.

IM: Inner membrane; OM: Outer membrane.
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Table 1
Genes that promote Legionella pneumophila iron acquisition
Gene 130b ORFT Paris ORFT Phil-1 ORFT Role in iron acquisition
cemC t Ipw09401 1pp0920 Ipg0858 Legiobactin production
cycd Ipw01241 1Ipp0138 Ipg0124 Legiobactin production
feoB Ipw29101 Ipp2711 Ipg2657 Ferrous iron uptake
frgA Ipw30551 Ipp2846 Ipg2800 Putative siderophore synthetase
fur Ipw03201 Ipp0438 Ipg0232 Transcriptional regulator
hbp Ipw00251 Ipp0024 Ipg0024 Hemin-binding protein
hisC2 Ipw20551 Ipp1979 Ipg1998 HGA production
hmgA Ipw13001 Ipp1248 Ipg1285 HGA degradation
iraB Ipw08291 Ipp0812 Ipg0746 Putative peptide transporter
iroT/mavN  Ipw30711 Ipp2867 Ipg2815 Ferrous iron uptake
IbtA Ipw13341 Ipp1280 Ipg1325 Legiobactin biosynthesis
IbtB Ipw13331 Ipp1279 Ipg1324 IM export of legiobactin
IbtC Ipw13321 Ipp1278 Ipg1323 IM import of legiobactin
IbtU Ipw13361 Ipp1281 Ipg1326 OM receptor for legiobactin
Iy Ipw24691 Ipp2232 Ipg2278 HGA production
mcoL Ipw03531 1Ipp0339 Ipg0265 Multicopper oxidase
phhA Ipw28991 Ipp2700 Ipg2647 HGA production
proA/mspA  Ipw05471 Ipp0532 Ipg0467 Degrades transferrin
tatB Ipw31801 Ipp2974 Ipg2906 Growth on low-iron media

HGA: Homogentisic acid; IM: Inner membrane; OM: Outer membrane; ORF: Open reading frame.
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The ORF designations are derived from the genome sequencing data that have been recently reported for L. pneumophila strains 130b, Paris and
Philadelphia-1 (Phil-1) [23-25]. Utilizing the ORF designations listed in this table, the corresponding ORFs in L. pneumophila strains Alcoy,
Corby and Lens can been obtained by visiting the National Center for Biotechnology Information (NCBI) [26] or the Legionella genome website

[27].

iThe entire ccm operon is implicated in iron acquisition, but for sake of brevity, only the ccmC gene is listed here.
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