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Iron is a nutrient that is indispensable for growth of almost all living organisms. The
virulence of pathogenic organisms in the mammalian host is related to the availability of
iron, therefore, microbial iron acquisition mechanisms are an important determinant of
infection potential. Indeed, iron levels regulate 10–20% of all genes present on microbial
genomes, including iron acquisition mechanism and virulence factor encoding genes. The
association between iron and microbial virulence is well established (121,158). Many
infectious diseases, such as gonorrhea, malaria, tuberculosis, and diarrheal infections,
depend on the expression of microbial acquisition mechanisms capable of competing with
the host’s iron scavenging mechanisms. The availability of iron in the mammalian host is
extremely low, therefore, successful pathogens evolved strategies to overcome this
limitation. Some pathogens produce high affinity metal chelators capable of competing with
the host’s scavenging mechanisms, while others degrade and release mammalian proteins
such as transferrin or hemoglobin that bind iron or hemin. Iron overload in the host from
genetic predispositions, therapeutic intervention, or nutritional status can also increase the
risk of infection by many pathogens, such as Plasmodium falciparum and Mycobacterium
tuberculosis (121). Treating the host by administering iron chelators that capture free iron
and compete with the acquisition system can limit microbial iron acquisition. However, this
treatment also limits the availability of iron for the host, which can also have a damaging
effect. Another way to alter iron availability is to interfere with the microbial iron
acquisition mechanisms required by the pathogen to survive at specific stages of infection.
Therefore, understanding the role of the iron acquisition mechanisms at various stages of
bacterial infection may lead to the development of additional interventional strategies.

The oral cavity harbors at least 700 different species of bacteria (1,19,104,105,139). The
contribution of many of those species to onset and progression of oral diseases is still to be
established. However, several bacterial species are strongly implicated as aetiological agents
of periodontal diseases. Among them are members of the Bacteroidetes phylum:
Porphyromonas gingivalis, Prevotella intermedia, and Tannerella forsythia ((18,40,105). Of
these, P. gingivalis is the most intensively investigated oral bacterium, and significant
progress has been made in recent years regarding its iron uptake mechanisms. Because of
this, we chose P. gingivalis as a model to describe the role of iron in host-pathogen
interactions in the oral cavity.

P. gingivalis is a black pigmented, anaerobic, gram-negative bacterium that is implicated as
a prime aetiological agent of initiation and progression of periodontal disease (40,46). As
periodontal disease is also associated with increased risk of systemic conditions, such as
coronary heart disease and preterm delivery of low birthweight infants
(43,50,93,107,119,120,148), the burden of infection caused by P. gingivalis may be higher
than previously estimated. The periodontal status of patients was significantly improved
following elimination of the bacterium (reviewed in (40,113), however, current therapies
still allow for recurrent infections (3,17,125). Currently, the standard therapeutic approach
includes mechanical removal of the organism followed by antibiotic treatment. But rapidly
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increasing resistance to antibiotics and the potential for recurrent infection suggests more
targeted and longer-lasting approaches are needed to reduce the levels of P. gingivalis in the
oral cavity. To achieve this goal, a thorough knowledge of the biology of P. gingivalis is
needed.

Periodontal diseases are triggered by microorganisms and manifest themselves in
inflammation, bleeding, and destruction of soft and tooth tissues. P. gingivalis is found in
healthy sites such as the buccal mucosa, tongue, tonsils, palate and supragingival dental
plaque on the tooth enamel surface (86), but its numbers are significantly elevated in the
subgingival environment and especially in diseased areas (92), suggesting the bacterium is
well adapted and benefits from the hostile inflammatory state of the host. To survive in the
diseased periodontal pocket the pathogen must be able to escape host defenses and acquire
sufficient nutrients that will sustain its growth. One such nutrient required for growth of P.
gingivalis is iron, and its presence has a profound effect on the bacterium’s virulence. Using
a mouse abscess model, the Ebersole group demonstrated that bacteria grown under hemin-
limitation were less virulent than their counterparts grown in hemin-excess (64,83,87). In
this review, we discuss the mechanisms of iron acquisition by P. gingivalis. We also
describe regulatory mechanisms, because excess iron reacts with peroxide to generate
hydroxyl radicals that are detrimental to the bacterial cell. P. gingivalis is distantly related to
bacteria in which iron acquisition and homeostasis mechanisms are well known, so this
review provides novel supportive information with regard to iron acquisition mechanisms in
bacteria.

Characteristics of iron
Iron is a transitional metal belonging to group 8 and period 4 of the periodic table. It can
exist in reduced form, as ferrous iron (Fe2+) or oxidized form, as ferric iron (Fe3+). Ferrous
iron is more soluble in water and is highly reactive, while ferric iron is less soluble
(approximately 10−9 M at neutral pH) (9). Pure iron is rarely found in nature, as it readily
oxidizes in the presence of oxygen or moisture.

Ferrous iron is an indispensable cofactor for most living organisms. The few exceptions
include organisms in iron-depleted environments that evolved the ability to use similar
metals such as manganese for catalytic purposes. Iron often exists as heme (composed of
iron and protoporphyrin IX) in enzymes that carry out cytochrome catalyzed oxidation
reactions, or in proteins transporting oxygen such as hemoglobin, myoglobin, and
leghemoglobin. Redox enzymes also contain inorganic iron in the form of iron-sulfur
clusters (nitrogenase, hydrogenase, oxidative phosphorylation enzymes). Other non-heme
iron proteins include ribonucleotide reductase enzyme that reduces ribose to deoxyribose
and thus is required for DNA synthesis (6).

Iron has the ability to be readily oxidized and reduced, which makes it essential to life, but it
is also biochemically dangerous at the same time, because free iron is capable of catalyzing
the conversion of hydrogen peroxides to free radicals. This reaction is known as the Fenton
reaction:

The radicals can react with a variety of cellular components, such as nucleic acids (DNA,
RNA), proteins, and lipids (and thus membranes), and thereby cause substantial damage that
ultimately may kill the cell. To defend against toxic effects, living organisms use and store
iron in the protein-bound forms. Therefore, iron levels must be sufficient for essential
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functions and low enough to prevent accumulation of free iron, which can damage cells via
the highly reactive hydroxyl radicals.

In bacteria, iron is also required for processes such as respiration (complexed with redox
enzyme systems), DNA synthesis, and free radical-scavenging mechanisms. Ferritin-like
proteins are major intracellular iron storage proteins that protect against DNA damage by
sequestering free reactive iron into an unreactive protein-bound form.

Availability of iron in mammalian host
In mammals, approximately 76% of body iron is contained in red blood cells as hemoglobin.
The erythrocyte hemoprotein contains iron bound to protoporphyrin IX to form hemin. The
availability of hemin in physiological conditions is depicted in Fig. 1. Lysis of erythrocytes
releases hemoglobin, which is then rapidly and strongly bound by haptoglobin (affinity less
than 10−15 M for the hemoglobin-haptoglobin complexes) (55). In addition, any hemin
released from the hemoglobin is rapidly bound by two other host hemin-binding proteins,
hemopexin and albumin. These host proteins bind hemin with high affinity (10−12 M for
hemin-hemopexin (54) and l0−8 M for hemin-albumin (8). While albumin is a highly
abundant protein in serum (35–50 mg/ml), the concentrations of haptoglobin and hemopexin
are in the range of 0.8–2.3 mg/ml and 0.4–1.5 mg/ml, respectively. The formation of hemo-
protein complexes, however, is dependent on the affinity of the proteins to hemin or
hemoproteins. Because haptoglobin has the highest affinity and scavenges hemoglobin very
rapidly and tightly, the hemoglobin-haptoglobin complexes are the major hemin source in
human hosts. Extracellular free iron is also rapidly bound by transferrin in serum and
lactoferrin at mucosal surfaces.

Senescent red blood cells are processed by reticulo-endothelial macrophages that in turn
provide for 90% of the iron required for erythropoiesis, which is the largest physiological
process involving iron. Only approximately 10% of body iron comes from the diet (35).
Dietary iron is absorbed by the duodenum and is bound by transferrin, which then transports
the metal to various cells. When the iron-binding transferrin capacity is exceeded, iron
toxicity may occur. For protection, mammalian hosts had to evolve complex control systems
for transport and storage of the nutrient (52). The regulatory mechanisms needed to balance
the release of iron from macrophages as well as uptake by enterocytes to fulfill the
erythroblastic demand.

As mentioned, the ability of the ferrous form of iron to generate reactive oxygen species and
hydroxyl radicals necessitates that any free iron be sequestered to prevent DNA and lipid
damage. High affinity binding proteins such as transferrin (found in serum), lactoferrin
(found in extracellular secretions), and ferritin (intracellular iron storage protein) (101) bind
free iron. However, the majority of iron is sequestered as heme, mainly as hemoglobin.
Heme also is found in myoglobin and serves as a prosthetic group for a variety of enzymes,
including cytochromes, catalyses, and peroxidases.

The amount of free iron available for bacterial acquisition is extremely low (10−24 M), due
to the presence of iron-binding proteins in mammalian blood. This amount may even be
lower during infection, as the host downregulates iron availability with disease. Interferon-
gamma plays a role in promoting the maturation of macrophages into phagosomes and
ultimately in modulation of transferrin synthesis and expression of the transferrin receptor
(117). However, iron has an inhibitory effect on interferon-gamma expression and thus
reduces the expression of the transferrin receptor and ultimately limits the amount of iron
available in the form of iron-loaded transferrin. Additional iron regulation occurs during the
course of infectious diseases, for example, the recently-reported siperophore-chelator,
lipocalin, complexes with siderophores and interferes directly with iron acquisition by
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microbial pathogens. Therefore, because chronic inflammation and infection affect the
host’s iron metabolism and ultimately the availability of iron, determining the causes or
effects of infectious diseases can be difficult. The current treatment for iron deficiency is
blood transfusion of the host. However, too much free iron released from erythrocytes
during transfusion may promote the growth of bacteria, and, as a result, the patient could die
from an infectious disease instead of anemia. Therefore, giving blood transfusions for
treatment purposes should be done judiciously.

Bacterial iron transport mechanisms
Because in vivo concentrations of free iron are too low (10−24 M) to support the growth of
microorganisms, specialized iron acquisition mechanisms capable of extracting the metal
from host proteins are needed for bacterial colonization of the human host. Bacteria must be
able to acquire the iron from the host scavenging proteins either by proteolytic degradation
and/or by expression of high affinity binding receptors capable of wresting the iron from the
host hemin-binding proteins (71,98). Bacteria acquire both iron and hemin. Following
removal of the metal by bacterial heme oxygenases, the internalized hemin serves as a
source of iron. However, hemin is too large to freely diffuse through the bacterial
membranes, so bacteria have also developed mechanisms to transport the hemin across the
membrane(s). Both, gram-negative and gram-positive bacteria employ similar mechanisms
that utilize cell surface receptors and membrane transport systems. In gram-positive bacteria
the iron must transverse only one membrane, while in gram-negatives the metal must be
transported across two membranes. The receptor-mediated transport across the outer
membrane is energy-dependent and is powered by the energy transducing complex
composed of three proteins: TonB, ExbB and ExbD (TonB/ExbB/ExbD) complex
(13,74,157) (Fig. 2). The periplasmic heme is then bound by a periplasmic heme-binding
protein that transports heme to cytoplasmic ATP-dependent permease for subsequent
internalization and ultimate degradation into biliverdin, Fe, and carbon monoxide (CO) by
heme oxygenase. Similarly, iron is scavenged by surface receptors and transported through
the cytoplasmic membrane via ATP-dependent transporters (Fig. 2). It appears the
organization of genes encoding iron-uptake systems in operons is common to all bacteria
(141,147,161).

Intracellular pathogens and iron
Some pathogens have evolved to evade the mammalian immune system (e.g.,
Mycobacterium tuberculosis, Salmonella, Shigella, Listeria monocytogenes and multiple
oral bacteria including P. gingivalis, P. intermedia, T. forsythia). These pathogens are
intracellular and reside within macrophages, phagosomes, or epithelial cells
(36,37,68,160,165). The intracellular and extracellular environments differ in terms of
nutrient availability, oxygen tension, temperature and the amount as well as form of
available iron. Ferritin is an intracellular iron source and accounts for 23% of intracellular
iron (while hemoglobin present in erythrocytes contains approximately 76% of the total
body iron content). Intracellular pathogens have to compete for iron with the host’s pH-
dependent metal transporter, natural resistance-associated macrophage protein (NRAMP)
(15,45). A NRAMP-like mycobacterial metal transporter has been implicated in iron
acquisition by M. tuberculosis (2). The differential expression of Shigella’s iron coding
genes illustrates the differences between the intra- and extracellular environments; while the
siderophore encoding genes are expressed extracellularly, the expression of aerobactin
synthesis and ferrichrome receptor genes is elevated in the intracellular environment (160).
This differential gene expression provides support that siderophores scavenge iron from
extracellular sources.
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P. gingivalis and hemin/iron
P. gingivalis requires hemin for growth (122). Analogous to other anaerobes, such as
Prevotella ruminicola and Bacteroides fragilis, cell yields of the bacterium in the absence of
hemin are extremely low (82). Hemin is required for synthesis of the cytochrome b subunit
of P. gingivalis fumarate reductase. Since reduction of fumarate to succinate is the central
pathway for generation of metabolic energy in P. gingivalis, it is not surprising that hemin is
a critical growth factor for this bacterium (116). P. gingivalis is incapable of synthesizing
protoporphyrin IX, the precursor of hemin, due to the lack of the enzymes 5-aminolevulinic
acid synthase and porphobilinogen deaminase (116). Therefore, the pathogen requires
exogenously supplied hemin to grow. Finally, hemin stored on the surface of P. gingivalis
cells in the form of a black pigmentation composed of μ-oxo-heme may provide a protective
role against peroxide stress (137).

P. gingivalis’ primary niche is the periodontal pocket bathed in gingival crevicular fluid.
The composition of gingival crevicular fluid is similar to that of serum and contains an array
of hemoglobin and hemin binding proteins, including haptoglobin, hemopexin, and albumin.
Thus, the main source of hemin in gingival crevicular fluid is hemoglobin derived from
lysed erythrocytes. Of note, Shizukuishi et al. (126) reported that P. gingivalis uses
hemoglobin as a source of iron more effectively than it uses other iron sources. The
concentrations of hemoglobin in crevicular fluid may vary depending on the degree of
bleeding associated with periodontal tissue destruction, but this has not been precisely
defined in the literature. Hemoglobin, as noted previously, is not available to P. gingivalis,
because it is rapidly and irreversibly bound by haptoglobin in crevicular fluid. Thus, to
overcome the scavenging effect of haptoglobin, P. gingivalis must have effective
mechanisms for removal of hemin from the hemoglobin-haptoglobin complex. Other, less
abundant hemin sources include hemin-hemopexin complexes and hemin-albumin
complexes. However, these are hemoproteins, and thus successful bacterial pathogens must
be able to acquire the nutrient from the host scavenging proteins either by proteolytic
degradation and/or by expression of high affinity binding receptors capable of sequestering
the hemin out of the host hemin-binding proteins. Although P. gingivalis appears to
preferentially acquire hemin, inorganic iron, transferrin, and lactoferrin have also been
shown to support growth of this organism (69), suggesting different mechanisms of iron
acquisition exist in P. gingivalis. Many pathogenic bacteria produce siderophores that are
capable of chelating iron from transferrin and lactoferrin (22). However, P. gingivalis lacks
a siderophore system, so siderophore-independent mechanisms of iron acquisition must be
present in this organism. P. gingivalis has been demonstrated to invade and survive in a
variety of mammalian cells (32,36). The iron acquisition mechanisms and sources of iron
available in these various environments may differ from the ones playing a role in the
extracellular environment.

P. gingivalis and the entire Bacteroidetes phylum are quite distant from γ-proteobacteria in
which the iron acquisition mechanisms have been intensely investigated. Therefore, the
mechanisms of metal acquisition in the Bacteroidetes group may also be different, so further
investigation may provide novel insight into iron acquisition in anaerobic bacteria. Iron is
more soluble in anaerobic conditions and thus more available for uptake by bacterial cells.
Oxidative stress generated in the presence of ferrous iron, on the other hand, may not be as
problematic in the absence of oxygen (Fig. 3).
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P. gingivalis and hemin/iron acquisition mechanisms
(i) Hemagglutinin/protease family

In conditions where heme is not readily available, the secretion of proteins that bind red
blood cells, lyse them, and release hemoglobin is highly advantageous, as it significantly
increases the levels of hemin available to pathogens. Therefore, the ability of a
microorganism to bind erythrocytes would be expected to increase the iron concentration in
the vicinity of the bacterial cells.

P. gingivalis encodes a family of protease/hemagglutinins termed gingipains. Two genes,
rgpA (encoding arg-gingipain, RgpA) and kgp (encoding lys-gingipain, Kgp), code for
multidomain high molecular weight complexes composed of N-terminal proteolytic domains
and C-terminal adhesin domains (24). While the RgpA has specificity for the arginyl peptide
bonds (Arg-X specificity) the Kgp is specific for the lysyl bonds (Lys-X specificity). The C-
terminally encoded hemagglutinin/adhesin domains were demonstrated to bind a variety of
substrates including fibrinogen and fibronectin, as well as, red blood cells
(14,23,57,106,124). Another member of the protease/hemagglutinin gene family, hagA
(coding for hemagglutinin A), contains four direct repeats that are each 1350 bp in length
and code for hemagglutinin/adhesin activities (47). The repeats are highly similar to the
hemagglutinin-encoding regions of both gingipain genes: rgpA and kgp. Also, another
member of the family, rgpB, codes for a second arg-gingipain (Arg-X specific protease)
without the C-terminal hemagglutinin/adhesin domain. The sequence of the rgpB is similar
to the protease-encoding portion of the rgpA gene.

Besides the protease associated hemagglutinins, P. gingivalis encodes several other proteins
capable of binding red blood cells (95). Hemagglutinins such as hemagglutinin B (HagB)
and hemagglutinin C (HagC) were demonstrated to bind erythrocytes (73,110). Also, HagA-
like hemagglutinins either encoded by hagA or associated with the cysteine-specific
proteases (gingipains) were shown to bind red blood cells (109). Once bound, the
erythrocytes are disrupted by hemolysins and hemoglobin is released. Then hemoglobin is
bound by hemoglobin-binding proteins such as the hemoglobin receptor (HbR) encoded by
the gingipain genes (94). The hemoglobin binding to this receptor was shown to be mediated
by the porphyrin IX component of hemoglobin, further demonstrating that HbR is also a
hemin receptor (31). This receptor is proposed to function as a high affinity hemophore at
the bacterial cell surface that captures hemin from hemoglobin, presumably after hemin is
released from the globin, a process mediated by the P. gingivalis proteases (102).

The P. gingivalis gingipains play an indispensable role in the release of hemin from
hemoglobin. The first indication of the involvement of the proteases was observation that
mutation of the lys-gingipain protease, Kgp, renders the bacterial colonies white when
grown on blood agar plates, indicating the protease plays a major role in acquisition of
hemin from hemoglobin (75,96). Subsequently, Kgp was demonstrated to play a role in
degradation of hemoglobin (75,140). Fujimura et al. (41) showed that the arg-gingipain
proteases, Rgps, also play a role in hemoglobin degradation. More recent work by the
Smalley et al. group demonstrated the involvement of both proteases in pigment formation
in P. gingivalis (135,136,138). The Rgp activity was essential for conversion of
oxyhemoglobin into methemoglobin, which then was more susceptible for degradation by
the Kgp protease. The human alpha globin chain contains 11 Lys residues and the beta chain
has 10 Lys residues, so the globin molecule can be degraded into small peptides suitable for
bacterial nutrition. The role of Kgp in the acquisition of amino acids (aa) from hemoglobin
is still to be demonstrated. The hemin released from hemoglobin is then bound by the
hemin/hemoglobin receptor, HbR, which also plays a role in formation of the μ-oxo bishaem
on the surface of P. gingivalis (134).
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It is noteworthy that the Curtis et al. laboratory has reported inhibitory activity of hemin on
the Arg-X protease (153). Similar results were also obtained in the Lewis laboratory (Lewis
et al., unpublished). The Arg-X protease is crucial in the release of hemin from hemoglobin,
so the concentrations of hemin could serve as one mechanism to keep the protease activity in
check. Ultimately, regulation of hemin availability in this manner could prevent excessive
accumulation of the nutrient and avoid possible oxidative stress resulting from the presence
of free hemin in the vicinity of the bacterial cell. On the other hand, hemin is required for
bacterial growth and increased hemin concentrations correlated with faster growth rates as
well as higher proteolytic activities of P. gingivalis cells (83,132). Thus, higher hemin
availability may also serve as a signal for increased proteolytic activity of the bacteria
ultimately enabling growth.

In addition to a role in the release of hemin from hemoglobin, P. gingivalis proteases may
play a role in the release of hemin from hemalbumin (131). Further, gingipains were
demonstrated to degrade other host iron proteins such as haptoglobin, hemopexin, and
transferrin (140). Thus, protease action appears to significantly contribute to the availability
of iron for bacterial uptake.

Hemin uptake mechanisms
Once released from host proteins, the hemin/iron must be transported into a bacterial cell. P.
gingivalis is a gram-negative bacterium requiring transport of hemin across two membranes.
As mentioned above, genes coding for iron transport functions across the membranes are
usually clustered together on the genome. Three such multigenic clusters encoding proteins
thought to be involved in the hemin acquisition pathways have been detected in the genome
of P. gingivalis W83 (Fig. 3)(95). The first locus, designated ihtABCDE (iron-heme
transport), is composed of five open reading frames (ORFs) coding for a TonB-dependent
outer membrane receptor (IhtA), lipoprotein (IhtB), periplasmic binding protein (IhtC),
permease(IhtD), and cytoplasmic ATP binding protein (IhtE) (30). The IhtAB components
resemble a two-component receptor analogous to the transferrin receptor, TbpBA (20,72).
The surface exposure and hemin-binding ability of the IhtB protein has been demonstrated,
however, the exact contribution of the locus to hemin uptake in P. gingivalis, as well as the
specificity of the receptor for hemin sources remains unknown. The second locus has a
similar composition in that a TonB-dependent receptor Tla (also known as Tlr for TonB-
linked receptor) is followed by a putative ATP-binding cassette hemin transport system,
htrABCD (38,130). Direct evidence for the role of the locus in hemin uptake was obtained
using a Tla deficient mutant. Growth of this mutant was significantly impaired on low levels
of hemin (38). As in the case of the iht locus, the specificity for various hemoproteins or
hemin alone is still to be determined.

Our laboratory identified a third hemin uptake locus, designated hmu (77). A portion of the
locus was first reported in P. gingivalis 53977 by Karunakaran et al. (61), who demonstrated
the presence of a hemin-repressed gene encoding a TonB-dependent outer membrane
protein, designated HemR (hemin-regulated receptor). Upstream of hemR, a 429-bp open
reading frame (orfl) was located. The two genes were independently transcribed and while
hemR was repressed by hemin, orfl was upregulated in the presence of hemin. Using a
different P. gingivalis strain, A7436, Simpson et al. (127) demonstrated the presence of a
homolog of this locus consisting of hmuY (gene 90% identical to orfl) and hmuR (gene
identical at the 5′ end to hemR but differing significantly at the 3′ end). hmuY and hmuR
were demonstrated to be co-transcribed and repressed by iron. In addition, Liu et al. (81) has
demonstrated that hmuR is also negatively regulated by hemin. Further analysis of the
sequences surrounding hmuYR in the genome of P. gingivalis W83 revealed another portion
of the locus, designated hmuSTUV, which is also a part of the same operon (77). The
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hmuSTUV portion of the locus encodes a fusion of a putative cobalamin biosynthesis [CobN/
magnesium chelatase (HmuS)], two putative proteins containing multiple predicted
transmembrane regions (typical for permeases) (HmuT and HmuU), and putative protein
containing an N-terminal transmembrane region (suggesting it is membrane-associated). The
structural composition of proteins encoded by the hmu locus is consistent with that of other
gram-negative bacterial iron transport systems that are typically composed of an outer
membrane receptor, a periplasmic binding protein, inner membrane transporter (permease),
and inner membrane-associated protein that can bind and hydrolyze ATP (Fig. 2). A novel
feature, when compared to other hemin uptake loci, is the presence of hmuS gene encoding
putative chelatase. This finding suggests that the hemin uptake mechanisms in P. gingivalis
may also be novel compared to other bacterial iron uptake systems. The hmu locus has been
found in most P. gingivalis strains and similar loci are present in other anaerobic bacteria,
including B. fragilis, B. thetaiotamicron, and P. intermedia. Growth of Bacteroidetes is
dependent on hemin, so it is probable that the P. gingivalis hemin uptake locus, hmu,
encodes a universal hemin uptake system in these organisms. As such, the locus may serve
as a model system for examination of hemin uptake in the Bacteroidetes phylum of
microorganisms.

Further analysis of the locus revealed that the genes within the locus are co-transcribed
(77,99). Although expression of all genes is iron repressible, there is differential regulation
within the locus resulting in overexpression of the promoter-proximal genes when compared
to promoter distal genes. Such differential regulation may account for overexpression of the
outer membrane receptor components and thus increase the chances of hemin capture by P.
gingivalis. Once captured, the hemin may then be transported through the inner membrane
component of the system.

Several studies have demonstrated that the hmu locus plays a role in hemin uptake in P.
gingivalis (80,97,100,128)(Lewis et al., unpublished). A mutant deficient in the locus did
not grow well in low concentrations of hemin, hemoglobin, and human serum supplemented
with hemin as the hemin source. Of note, the mutant failed to grow with hemoglobin-
haptoglobin complexes as hemin sources (Lewis et al., unpublished). These data indicate the
hmu operon is required for growth of P. gingivalis with hemoglobin-hapoglobin complexes
as the hemin source. This is physiologically relevant because released hemoglobin is rapidly
bound by a haptoglobin, and thus hemoglobin-haptoglobin complexes rather than free
hemoglobin would be expected to be encountered in the mammalian body.

The contribution of the hmu locus to hemin acquisition was also verified by examining the
ability of the mutant devoid of the locus to transport radiolabeled hemin. Bacterial cells
derived from both iron replete- and iron deplete-conditions were examined. Hemin uptake
was elevated by iron depletion, and while in iron depleted conditions the mutant strain
showed a four-fold reduced ability to take up hemin. No hemin uptake was observed in the
mutant strain in hemin replete conditions (77). On the other hand, no significant differences
in hemin binding were observed between the mutant and parental cells derived from hemin-
replete or hemin-deplete cells, suggesting there are other components accounting for hemin
binding in P. gingivalis (77). It is likely these are non-specific hemin-binding structures.

The contribution of the hmu locus to the binding of hemin and hemoproteins was also
examined using spectrophotometric assay or ELISA (80). Reduced binding of hemin,
hemoglobin and human albumin-serum complexes was observed in HmuR-deficient
mutants. Using Escherichia coli strains overexpressing various forms of the HmuR protein,
the contribution of the four amino acid asparagine-proline-aspartic acid-leucine (NPDL)
motif to hemin binding was demonstrated (80).
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The HmuY protein
Analysis of outer membrane protein profiles demonstrated that 23 kDa protein is the major
protein upregulated in iron-deplete conditions (77). N-terminal sequence analysis of a 21
kDa fragment of the protein resulting from processing by the P. gingivalis lys-gingipain
protease, Kgp, revealed it was the hemin uptake protein, HmuY. Further, iron-dependent
regulation as well as the outer membrane location was confirmed using Western blot
analysis with antibody specific to the HmuY protein (77).

The HmuY protein is likely the same as the 26 kDa hemin – repressible protein
characterized by Bramanti et al. (11). This protein played a role in hemin acquisition, was
surface exposed in hemin limited conditions, and bound hemin (12). The sequence of the
protein matched that of the HmuY sequence (66). Further characterization of the HmuY
protein demonstrated that it may exist in multimeric form ranging from monomers to
tetramers (77). The tetrameric form was shown to be involved in hemin binding (100).
Recently, the crystal structure of the hemin-bound HmuY protein was determined (159). The
protein was shown to exist in tetrameric form with hemin, and analysis revealed an all-beta
fold that mimicked a right hand. Finally, HmuY was shown to bind ATP (99), which
supports the slight phosphatase activity exhibited by the protein (89).

Based on the available data regarding the role of the hmu operon in hemin uptake, the
following model can be proposed. The hmu locus appears to play a role in hemin acquisition
from hemoglobin-haptoglobin complexes. Such complexes are formed following the release
of hemoglobin from lysed erythrocytes, which are then rapidly bound by haptoglobin. Thus,
the hemoglobin-haptoglobin complexes are present in the extracellular environment and the
hmu-encoded proteins might play a role in iron acquisition by extracellular bacteria. While
the outer membrane proteins, HmuY and HmuR, could function as an outer membrane
hemin receptor (analogously to the transferrin receptor, TbpBA) (20), we propose the
HmuSTUV proteins are involved in processing and transport of the hemin molecule across
the inner membrane. The genomic location and structural features of the HmuY and HmuR
proteins suggest that they form a two-component HmuYR outer membrane receptor (similar
to that found in Neisseria species)(20). The differential expression within the hmu locus
results in overexpression of the hmuY-specific transcript when compared with the hmuR
transcript. The significantly larger levels of the hmuY transcript may also explain the
observation that the HmuY lipoprotein is preferentially observed as the major outer
membrane protein in iron deplete conditions (77). Again, this observation mirrors a similar
one for the TbpBA receptor, in which the lipoprotein is more abundant than the TonB-
dependent receptor (115). In Neisseria, the TbpB protein is also a lipoprotein playing an
accessory role in the acquisition of iron from transferrin, while the TbpA protein is a TonB-
dependent outer membrane receptor transporting the iron across the outer membrane.
Although only the TbpA component is indispensable for iron acquisition, the TbpB
lipoprotein increases the efficiency of the iron removal from transferrin (5,21). The exact
mechanism of iron removal from transferrin by the TbpBA receptor is still to be determined.
As for the P. gingivalis HmuYR receptor, the HmuY protein was demonstrated to bind
hemin, while HmuR binds both hemin and hemoglobin (80,99). The affinity of the proteins
for hemin, when examined separately, is too low to compete for hemin with the hemoglobin-
haptoglobin complexes, however, it is probable that the two proteins work cooperatively
when extracting hemin from the hemoglobin-haptoglobin complexes. Establishing this
potential will require determination of the HmuY-HmuR interaction using molecular,
biochemical, and structural approaches. As the two-component receptors are implicated in
acquisition of iron from iron-protein complexes, and the single component receptors play a
role in transport of uncomplexed iron, the presence of the two components in the P.
gingivalis hemoglobin-haptoglobin receptor would be expected. The hmu locus also
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contributes to transport of uncomplexed hemin (77,80), Lewis et al., unpublished). The
provision of uncomplexed hemin may be aided by the action of the P. gingivalis gingipain
proteases, which have been demonstrated to extract hemin from hemoglobin (as described
above)(75,135,140). The proteases also were shown to degrade hemalbumin, hemopexin,
and haptoglobin (140), which would also be expected to contribute to the release of hemin
for uptake by the hmu -encoded hemin transport mechanism. The structural assignments of
proteins encoded by the hmuSTUV portion of the locus suggest that this section plays a role
in transport of hemin from the periplasmic space and through the inner membrane. The two
permeases, HmuS and HmuT, would thus transport hemin across the inner membrane. The
role of the putative chelatase, HmuS, is still to be determined, as it appears to be a novel
component when compared with hemin uptake loci in other bacteria. The proposed
functional assignment of the Hmu proteins is depicted in Fig. 5. Of note, the iron-hemin
transport locus, iht, also codes for outer membrane proteins capable of forming two-
component receptors and thus may play a significant role in acquisition of heme complexed
with host proteins.

Other TonB proteins, as predicted using the genomic sequence of P. gingivalis W83, include
PG0637, PG0899, PG1242, PG1655, and PG1752 (www.oralgen.lanl.gov). Finally, the rag
locus coding for TonB-dependent outer receptor (RagA) and outer membrane lipoprotein
(RagB) also may play a role in metal acquisition (25). The roles of the various two-
component hemin receptors, as well as the hemin uptake loci, are still to be determined.

Energy sources for iron/hemin transport in P. gingivalis
The TonB protein was demonstrated to physically interact with the outer membrane TonB-
dependent receptors (129). Several of the P. gingivalis outer membrane hemin receptors,
such as the HmuR protein, contain a TonB binding motif (127) and therefore we expect the
P. gingivalis receptors also associate with TonB-like proteins. Two putative TonB proteins,
PG0707 and PG1912, are encoded on the genome of P. gingivalis W83
(www.oralgen.lanl.gov) (95). PG0707 expression was induced in iron-deplete conditions
(Lewis et al., unpublished), indicating that the protein plays a role in iron acquisition. It is
noteworthy that the PG0707-encoding locus contains only one novel gene while similar loci
found in Eubacteria also contain genes coding for accessory proteins, ExbB and ExbD
(70,74). PG1912, on the other hand, is preceded by an ORF (PG1913) coding for a putative
DNA-binding regulator with repressor activity (www.oralgen.lanl.gov). Again, no TonB-
accessory proteins are encoded by the locus. These observations suggest the energy
transduction mechanism in P. gingivalis is different from that observed in Eubacteria.

Non-heme iron acquisition mechanisms
P. gingivalis can also use transferrin as an iron source (126). Transferrin-binding ability that
is rapid, reversible, and specific has been demonstrated in this bacterium (146). Transferrin
binding is elevated in iron-depleted conditions indicating that expression of the transferrin-
binding component is elevated in iron limited conditions. However, the specific transferrin
receptor has yet to be identified.

P. gingivalis grows only in conditions where the oxygen concentrations are reduced (34)
(Lewis et al., unpublished) and the pathogen prefers very low oxygen concentrations. In the
deoxygenated environment, the reduced form of iron (ferrous iron) would be expected. As
noted earlier, ferrous iron is more soluble and thus more available for bacterial uptake.
Ferrous iron may be transported by the ferrous iron transporter, FeoB. FeoB protein was
initially identified in E. coli K12 and characterized as a cytoplasmic membrane ferrous iron
transporter (60). Currently, genes encoding homologs of the FeoB protein are shown to be
present in a number of bacteria. Also, FeoBs of several bacteria were demonstrated to be
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required for high affinity ferrous iron uptake (114,152,155). The P. gingivalis W83 genome
encodes two proteins whose products exhibited sequence similarity to the FeoB of E. coli
K12. FeoB1 encoded by PG1138 is 844 aa in length and shows 52.6% similarity and 39.2%
identity to the E. coli FeoB. FeoB2, encoded by PG0930, is 725 aa in length and exhibits
40% similarity and 31% identity with the E. coli FeoB. Interestingly, the specificity of the
transporters differs, and while the P. gingivalis FeoB1 transports iron the FeoB2 has been
implicated in manganese accumulation (28). To further investigate the role of the P.
gingivalis FeoB1 and FeoB2 proteins in divalent metal cation transport, the feoB1 and feoB2
mutants, as well as the wild-type W83 were examined for their ability to acquire 55Fe2+

and 54Mn2+. Iron uptake in P. gingivalis occurred very rapidly and, whereas iron uptake was
elevated throughout the experiment in the feoB2 mutant strain (1.5- to 2-fold higher than the
parental W83 strain, suggesting FeoB2 is not a major iron transporter in P. gingivalis), the
feoB1 mutant lost its ability to transport iron, indicating FeoB1 is a major iron transporter in
P. gingivalis (51). Uptake of manganese in P. gingivalis W83, accomplished using 50 nM of
extracellular 54Mn2+, suggested the presence of a high-affinity manganese transporter. The
feoB2 mutant exhibited a drastic decrease in 54Mn2+ uptake compared to the wild-type strain
(approximately 12-fold reduction observed after 20 min of incubation) (51), demonstrating
the FeoB2 manganese-transport ability. No reduction in manganese uptake was observed in
the FeoB1-deficient mutant, suggesting this protein is not a major transporter of manganese
in P. gingivalis (Anaya-Bergman, et al., unpublished).

Interplay of iron and manganese
Metals play a major role in oxidative stress protection. The roles of two metals, iron and
manganese, are particularly well known. Manganese has similar characteristics to iron.
However, an excess of iron has a detrimental effect on host cells, while the presence of
manganese has a protective role. Iron, especially in its reduced form, potentiates oxygen
toxicity via the Fenton reaction by converting the less reactive hydrogen peroxide to the
more reactive oxygen species, such as hydroxyl radical and ferryl iron. The antioxidant
superoxide, on the other hand, by releasing iron from iron-containing molecules, favors the
Fenton reaction. Thus, we assume that strict regulation of iron assimilation is required to
prevent an excess of free intracellular iron that in turn could lead to oxidative stress in
microorganisms. This is especially important for bacteria inhabiting anaerobic
environments, because under these conditions iron is in its more reactive reduced form and
is more soluble and therefore freely available to microorganisms. Manganese, like iron, is a
transitional metal; however, manganese plays a very different role in organisms. Manganese
is an essential trace element for most microorganisms and recent research indicates
previously unappreciated roles for manganese during infection (166). Manganese has a
significant role in oxidative stress protection in bacterial pathogens and manganese
homeostasis was shown to play a large role in oxidative stress protection of a variety of
bacteria (58,63,143,149,166). It can function as a cofactor of oxidative stress protection
enzymes such as superoxide dismutase (SOD)(26,164) as well as non-enzymatic antioxidant
(151). Significantly, it has been shown that Mn2+ acquisition by bacteria is linked to
virulence in the host. Salmonella enterica encodes two systems, mntH and sitABC, that have
been identified as selective Mn2+ transporters. Mutation of both transporters of S. enterica
markedly attenuated virulence of the bacteria, and the attenuation was in part dependent on
the presence of a functional natural resistance-associated macrophage protein1 (NRAMP1)
in the host (10,166). These results suggest that the mechanisms of Mn2+ acquisition may
provide new targets for development of strategies to control bacterial infection.

The effects of both manganese and iron on protection or promotion of oxidative stress in P.
gingivalis have been investigated by examination of the contribution of FeoBs to peroxide
resistance. While the ferrous iron transporter, FeoB1 mutant showed reduced growth
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inhibition in the presence of peroxide when compared to the parental strain, the manganese
transporter, FeoB2 mutant was more sensitive to peroxide stress (51). These results
demonstrated that the mutation of manganese transporter imparts increased sensitivity while
mutation of the ferrous iron transpoprter imparts increased resistance to oxidative stress. The
effects of manganese and the contribution of manganese transporter, FeoB2, to anaerobic
and aerobic growth were also examined. While manganese had no effect on growth of P.
gingivalis W83 in anaerobic conditions, manganese-dependent differences in P. gingivalis
W83 growth were noted when the strain was incubated in the presence of 6% O2. Growth
did not occur when manganese was absent. However, supplementing the growth media with
200 nM Mn2+ restored the ability of the bacteria to grow, supporting the requirement for the
metal for P. gingivalis growth in the presence of oxygen (51). Analysis of the FeoB2 mutant
revealed no manganese-dependent differences in growth in anaerobic conditions; however,
addition of 200 nM Mn2+ was not sufficient to restore growth in anaerobic conditions,
indicating that the FeoB2 transporter is required for bacterial growth in the presence of
oxygen when low manganese concentrations are present. Only high concentrations of
manganese (25 μM) were able to partially restore the growth of aerobically-grown P.
gingivalis. Similar results were obtained when 25 μM of Mn2+ was added to the culture
media (growth of both parental and mutant strains was restored), thus further demonstrating
the role of manganese in protection of P. gingivalis from oxidative stress.

Iron storage
As with other living organisms, both eukaryotic and prokaryotic, P. gingivalis needs to
regulate intracellular unbound iron pools to avoid metal-mediated oxidative stress damage.
The pathogen does this by regulating iron uptake mechanisms, as well as by the action of
intracellular storage proteins. Ferritin and ferritin-like Dps (DNA protection during
starvation) protein identified in P. gingivalis scavenge free iron and as such may also serve
as iron sources in times of iron deficiency (111,154). Expression of ferritin and ferritin-like
Dps protein was shown to be oxygen and iron induced (76)(Lewis et al., unpublished),
providing support that to the proteins function in protection against iron-mediated oxidative
stress.

Role of metals in P. gingivalis – host interaction
Since all eukaryotic cell types (including endothelial cells, vascular smooth muscle cells,
and adventitial fibroblasts) (150) can generate both extracellular and intracellular reactive
oxygen species, effective oxidative stress defense mechanisms must be present in P.
gingivalis to enable it to survive within the host cells. As described above, iron plays a
crucial role in mediating oxidative stress damage due to its reactivity with hydrogen
peroxide. Hydrogen peroxide is one of the main weapons used by host cells to combat
invading microbes, therefore, the presence of high intracellular iron content would
predispose the bacteria to die by host defense mechanisms. Indeed, a ferrous iron transporter
(FeoB1)-deficient mutant was demonstrated to have a reduced ability to survive with host
cells (Anaya-Bergman et al., unpublished) (Fig. 6). However, in a mouse abscess model the
ferrous iron transporter FeoB1 mutant exhibited reduced survival abilities, so the protein
seems to be indispensable for iron acquisition in P. gingivalis (28). Together, these data,
while contradictory, highlight the importance of examining the role of iron uptake
mechanisms at various stages of infection. It is probable that iron deficiencies promote
intracellular survival of P. gingivalis, however, iron is needed for bacterial growth.

On the other hand, the manganese transporter FeoB2 mutant, which was deficient in the
manganese transporter, showed a reduced ability to survive within host cells compared to
the parental strain (Fig. 6), supporting the crucial role of manganese in oxidative stress
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protection (51). Although both strains were able to invade human umbilical vein endothelial
cells (HUVECs) to the same extent, an approximately 20-fold reduction in survival rates of
the mutant was observed when compared to the parental strain.

Thus, in conclusion, the biological roles of ferrous iron transporter, FeoB1, and manganese
transporter, FeoB2, are contrary, which agrees with the roles of iron and manganese in
oxidative stress protection. While FeoB2 is required for survival of P. gingivalis in host
cells, the presence of FeoB1 has the opposite effect. The properties of FeoB1 and FeoB2 are
compared in Table 1.

In the P. gingivalis–host interaction, the iron uptake components may also play a role in
modulating host response in addition to their metal transport capabilities. In support of this
suggestion, the hemagglutinins, in addition to binding red blood cells and other host
proteins, were shown to bind defensins, a host antimicrobial peptides, and thus interfere with
the host’s defense mechanisms. Another hemagglutinin, HagB, was shown to modulate the
host’s inflammatory response (167). Furthermore, the hemin-hemoglobin receptor, HbR,
binds bone marrow macrophages and induces phosphorylation of ERK (extracellular signal-
regulated kinase), p38 [mitogen-activated protein (MAP) kinase], NF-kappaB (nuclear
factor kappa-light-chain-enhancer of activated B cells), and Akt (an enzyme that is a
member of the serine/threonine-specific protein kinase family) (42). These signaling events
lead to inhibition of osteoclastogenesis from bone marrow macrophages. Interestingly, the
identity of the N-terminus of the hemin uptake protein, HmuY, to a protein exhibiting
fibroblast-activating property indicates that iron acquisition mechanisms may have broader
functions than so far identified (89–91). As reported by Mihara et al., HmuY (designated as
fibroblast-activating factor, FAF) had significant proliferation-stimulating activity on normal
gingival fibroblasts as well as displayed functional similarity to several human-derived
growth factors. Furthermore, it had weak phosphatase activity, a property implicated in bone
resorption (89). Finally, the HmuR receptor was upregulated in P. gingivalis grown as a
three-species biofilm, and a mutant deficient in the protein failed to form three species
biofilms indicating the HmuR protein may have adhesive properties in addition to its hemin
acquisition functions (59).

The examples described above show the metal transporters have a role in oxidative stress
protection of P. gingivalis during host-pathogen interactions. Further, the transporters
mediate several pathogenic properties, including inflammation, the host’s innate response,
cell proliferation, bone resorption and even biofilm formation. By virtue of being surface
exposed, the iron acquisition mechanisms come in direct contact with host cells. It is
probable that when induced in iron limited conditions, these components are able to trigger a
host response, ultimately leading to inflammation, which is a provision associated with iron.
On the other hand, as discussed below, internalization and life in a persistent-type stage
could be another alternative.

Iron-dependent transcriptome of P. gingivalis
Iron may affect the transcription of as many as 10–20% of genes encoded on microbial
genomes. Work in our laboratory has shown that up to 71 genes had altered expression at
>1.5 fold level (Lewis et al., unpublished). The hemin uptake encoding locus, hmu, was
significantly upregulated. These data are in agreement with the previously demonstrated
iron-dependent regulation of the locus (77). Also, a locus coding for an outer membrane
putative lipoprotein and a putative outer membrane TonB-dependent receptor was
upregulated. The significant upregulation of the locus suggests that it encodes an iron uptake
locus that has yet to be characterized. The predicted functional assignments of the role of the
proteins would be in agreement with the structures of two-component receptors (surface
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lipoprotein and outer membrane TonB-dependent receptor), such as the P. gingivalis
HmuYR and IhtBA (29,77) as well as the transferrin and lactoferrin receptors (20,78).
Expression of other hemin uptake loci (e.g., tla and iht) was not affected by different iron
concentrations. Interestingly, iron levels had no effect on expression of the major ferrous
iron transporter, FeoB1 (28), suggesting that regulation of transcription of this gene is iron-
independent and therefore novel compared to homologs of the protein found in other
organisms.

In agreement with their function as free iron scavengers, genes encoding the iron storage
proteins were downregulated. These included genes encoding the ferritin-like protein (Dps)
and ferritin (Ftn). While Dps was shown to be required for oxidative stress protection (154),
ferritin is indispensable for growth of P. gingivalis in iron-limited conditions (111). Another
upregulated gene encoding iron-protein was rbr, coding for rubrerythrin, which is
indispensable for protection of P. gingivalis from peroxide stress (144).

Thus, the major theme observed among genes in iron limited conditions was the
upregulation of iron uptake mechanisms and downregulation of proteins implicated in iron
storage or oxidative stress defense. These trends are not surprising considering the role iron
plays in generation of oxidative stress. In the absence of iron, the generation of oxidative
stress mediators such as the hydroxyl radicals from peroxide are diminished, thus in
agreement with the downregulation of the oxidative stress defenses (Fig. 7). It is interesting
to note that the downregulated genes were induced by oxidative stress (76)and are iron-
regulated, thus further demonstrating the connection between iron and oxidative stress.

Iron or heme are required for function of several metabolic enzymes such as the fumarate-
reductase, FRD (PG1614-PG1617), ferredoxin-oxidoreductase system (PG1809-PG1813),
and proteins of the electron transport system (PG0302-PG0307). Genes coding for those
proteins were also observed to be downregulated (Lewis et al., unpublished) which could be
perceived as an energy-conservation strategy, because without iron such proteins would be
non-functional. The conserved energy would then be used for production of the iron uptake
systems.

Iron limitation resulted in upregulation of several genes coding for adhesins/invasions
(Lewis et al., unpublished). Two genes coding for leucine rich repeat proteins, PG0350 and
PG1374, had elevated expression in iron limited conditions. While the protein encoded by
PG0350 was shown to be required for biofilm formation (16,167), the protein encoded by
PG1473 was demonstrated to play a role in invasion of KB cells by P. gingivalis W50 (27).
Thus, combined with the reduced oxidative stress threat suggested by the reduced expression
of the oxidative stress defense mechanisms, the iron-stressed bacteria have a predilection for
invasion of host cells or formation of biofilms. This strategy is intuitive because iron-
stressed bacteria have lower metabolic capacity and reduced growth, and thus require an
environment that would allow them to persist while being protected from host defense
mechanisms. In addition, iron stressed bacteria have an increased capacity to survive in host
cells when compared with iron-replete cells (Lewis et al., unpublished, Anaya-Bergman et
al., unpublished). Indeed, proteomic analysis of intracellular bacteria demonstrated reduced
expression of iron uptake mechanisms as well as adhesive proteins thus further supporting
the model based on the iron concentrations (162). Finally, nearly half of the regulated genes
coded for proteins with unknown function, suggesting novel aspects of the adaptation of P.
gingivalis to iron-limitation when compared with other bacteria such as the well known E.
coli, may yet be found.

The comparison of iron-dependent regulation to that of the hemin-mediated regulation as
reported by Dashper et al. (27) revealed significant overlap among the regulated genes,
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indicating gene regulation at various hemin levels is iron- and not protoporphyrin IX-
mediated. Similar results were obtained when examining the expression of the hmu operon
(77).

Mechanisms of iron homeostasis
Generally, in bacteria, the ferric uptake regulator (Fur) is the major iron-dependent regulator
that represses transcription initiation of iron uptake-encoding genes in response to an
increase in intracellular iron levels (48). In addition to iron uptake genes, Fur also controls
expression of numerous iron-containing proteins (39,49). Fur in its apo form is inactive,
however, in the presence of iron it forms an iron-bound holo-enzyme. In addition, the
presence of iron induces formation of dimers, which then bind to signature sequences
present in the vicinity of promoter regions of iron-regulated genes. Interestingly, recent
work demonstrated that Fur also downregulates expression of a small RNA (sRNA), the 90
nt sRNA RyhB of E. coli, which plays a role in degradation of mRNAs derived from genes
coding for iron-using proteins (85). RyhB was shown to prevent translation of iron-using
proteins by pairing with an antisense mRNAs in response to iron depletion (84). A similar
mechanism, operating in other organisms including Pseudomonas aeruginosa and
Saccharomyces cerevisiae has also been found (88). Finally, extracytoplasmic function
(ECF) sigma factors were demonstrated to play a role in bacterial iron homeostasis
(108,156).

(i) protein regulators
From the Oralgen database (http://www.oralgen.lanl.gov/), we identified two homologues of
iron-dependent regulators in the genome of P. gingivalis W83; a putative ferric uptake
regulator; Fur (annotated as PG0425, ferric uptake regulation protein) and Reg (annotated as
PG0931, a probable iron-dependent transcriptional repressor). We believe these homologues
are candidates to play a role in iron-dependent regulation in this bacterium. Since Fur has
been shown to regulate expression of iron and manganese transporters in E. coli and
Salmonella typhimurium, so it is probable Fur plays a role in regulation of metal
homeostasis in P. gingivalis as well, and may also contribute to oxidative stress defense
homeostasis. The P. gingivalis ferric uptake regulator (Fur) has limited similarity to that of
the E. coli Fur and thus future structural characterization of the regulator offers the prospect
of adding significant new knowledge to our understanding of the mechanism of action of
this regulator.

Analysis of the sequence of P. gingivalis W83 revealed the presence of a gene (PG0931)
encoding putative DtxR- related metalloregulatory protein, which is located 35 bp upstream
of feoB2. We designated the putative regulatory protein Reg. It has been shown that
expression of a major manganese transporter, MntH, in Bacillus subtilis is subject to control
of a DtxR-related (diphtheria toxin repressor) manganese dependent regulator (MntR)
responding to manganese concentration (79). The DtxR-like family of proteins includes
metalloregulatory proteins that are widely distributed among many microorganisms and can
be divided into three general groups based on the type of metal they respond to. The first
group are regulators of iron uptake mechanisms, represented by the Corynebacterium
diphtheriae DtxR (123,145). The second group are regulators of Mn2+ transport and include
S. enterica MntR (56,62). The third group can respond to both Fe2+ and Mn2+, and include
the Staphylococcus epidermidis SirR (53). Comparison of the protein sequence of the P.
gingivalis DtxR-like regulator with other DtxR-like regulators reveals that it contains a
metal-binding domain that can bind either Mn or Fe, as well as a dimerisation domain. This
suggests it has a role in regulation of metal homeostasis. Interestingly, the C-terminal region
of Reg is similar to FeoA, which is a small protein, and is probably involved in Fe2+

transport (60). Although this protein has not been found to be fused to previously
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characterized DtxR-like regulators, it is found at the C-terminus of a variety of putative
metal dependent transcriptional regulators of various microorganisms (e.g., Mycobacterium
bovis, Deinococcus radiodurans). It is possible the chimeric protein has novel properties
when compared with other characterized members of the DtxR family. Furthermore, our
preliminary results using microarray analysis revealed that approximately 100 genes were
differentially regulated in a mutant devoid of the Reg protein when compared to parental
strain (Lewis et al., unpublished). However, whether or not this is an iron or manganese
regulator remains to be determined. Currently, confirmation of the direct involvement of
those genes in regulation, as well as examination of the metal specificity of the regulator is
underway in our laboratory.

Our data suggested that iron-dependent regulation may also be mediated through the
oxidative stress regulator (OxyR) (Lewis et al., unpublished). There is limited sequence
homology between the P. gingivalis OxyR and the E. coli OxyR, suggesting there may be
significant differences in the mechanisms of action of these regulators among bacteria and/
or between aerobes and anaerobes. E. coli OxyR was demonstrated to regulate gene
expression in response to oxidative stress, with peroxide being the key activator of the
regulator (142). The chemical and structural basis of the mechanism is hypothesized to
involve the oxidation of cysteine to a cysteine disulfide bridge, which results in
conformational changes that induce DNA binding. The P. gingivalis OxyR was shown to
respond not only to peroxide, but also to superoxide (33). In E. coli the response to peroxide
is mediated by the SoxR protein, but a homolog of this protein is absent in P. gingivalis, so
OxyR takes the role of both regulators. Taken together, the differences between E. coli and
P. gingivalis at the biological level lead us to infer their mechanisms of response to
oxidative stress are distinct and warrant further detailed investigation.

(ii) sRNA-dependent regulation
Even though it has become apparent in E. coli that numerous small RNAs (sRNAs) are
made and are important in gene expression regulation, none have been studied in P.
gingivalis. To provide high quality annotation for the oral pathogen research community, a
computer pipeline was designed to locate potential sRNAs in bacteria by searching for
highly conserved regions in the intergenic sequence (IGS) among and within genomes
(www.oralgen.lanl.gov). Combining this approach with same-orientation, terminator-pair
prediction, a genome-wide survey for putative sRNA-encoding genes in nine oral pathogens
was conducted. Using this approach, 650 candidate sRNAs, 94 repeat regions, and 10
riboswitches (including the cobalamin riboswitch) were identified in P. gingivalis. These
data are publically available on the Oralgen website (www.oralgen.lanl.gov). The expression
and role in regulation of some of the transcripts present in the intergenic regions has been
verified (Kim et al., unpublished). Analysis of 28 IGSs verified the presence of transcripts
for most of the predicted sRNAs examined in the study and expression of 30% of the sRNAs
was oxygen-dependent (the degree of sRNA expression varied with those encoded by IGS
687 and IGS 48 being the most oxygen-dependent). It is noteworthy that expression of many
sRNAs was drastically regulated by iron, indicating possible roles of these sRNAs in iron
homeostasis. A mutant deficient in one such iron-regulated intergenic transcript, IGS653,
showed drastically altered gene expression when compared to the parental strain, suggesting
these sequences play a significant role in gene regulation in P. gingivalis. Interestingly,
hmuY was among the regulated genes (Lewis et al., unpublished), indicating involvement of
the putative sRNA in iron homeostasis in P. gingivalis. Further work is required to
characterize the mechanism of action of the sequences encoded by the IGS653. It has been
shown, in E. coli at least, that sRNA species act in concert with the host protein designated
Hfq (44). It remains to be determined if this also occurs in other bacteria, but it should be
pointed out that P. gingivalis does not appear to encode an Hfq orthologue (95). Therefore,
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it will be important to discover what other peptides, if any, are required for efficient sRNA-
mRNA interactions in this bacterium. Thus, novel findings are expected to be derived from
examination of the sRNA mechanisms in the Bacteroidetes group.

As already pointed out in the section on the iron-dependent transcriptome, it is noteworthy
that although the expression of the major hemin uptake locus, hmu, is iron dependent, the
expression of many other iron uptake loci is not iron dependent. Indeed, the regulation of
both metal transporters, feoBs (feoB1 and feoB2) expression is unusual and novel when
compared to regulation of the ferrous uptake proteins in other bacteria. The feoBs are not
regulated by metal as they are in E. coli, but instead are regulated by oxygen and exposure to
host cells, respectively (76)(51)(Anaya-Bergman et al., unpublished). Interestingly,
sequences capable of forming extensive secondary structures are present within the 5′
untranslated regions of both of the genes (www.oralgen.lanl.gov). Such sequences may play
a role in regulation of expression of feoBs, a hypothesis worthy of further investigation, as it
suggests novel mechanisms of regulation of metal transporters may be discovered in P.
gingivalis.

Secondary structures may also play a regulatory role within multigenic transcriptional units.
Differential expression within the hmu operon has been demonstrated (77) that results in
higher levels of the promoter-proximal messages encoding for the outer membrane receptor
when compared to the promoter-distal messages coding for periplasmic and cytoplasmic
components of the transport system. Such differential gene expression may result either
from differential transcript expression or differential transcript stability. Several bacterial
operons exhibit differential gene expression (e.g., the periplasmic iron transport-encoding
fbpABC operon of Neisseria meningitidis (65) or the transferrin receptor-encoding tbpBA
operon of Neisseria gonorrhea), and the differences in transcript levels within these operons
are due to the presence of sequences capable of forming secondary structures that either
interfere with transcription of the sequences or promote stability of the message (115).
Analysis of the hmu locus revealed the presence of sequences capable of forming secondary
structures following the hmuY and hmuS genes, with calculated energies of dissociation of
−16.9 kcalM−1 and −20.8 kcalM−1, respectively (77). Higher temperatures were needed to
generate cDNA from transcripts containing these sequences, suggesting they form and
possibly play a role in the differential expression observed within the hmu operon.

(iii) sigma factors as iron homeostasis regulators
Finally, sigma factors are components mediating genome-wide regulatory processes. The
components bind reversibly to DNA-dependent RNA polymerase (RNAP) to form
holoenzyme. This in turn enables binding of the holoenzyme to specific promoters and leads
to mRNA synthesis from the promoters. Although the holoenzyme can drive the synthesis of
mRNA, this process can also be regulated by several transcriptional regulators; either
activators or repressors. The P. gingivalis DNA-dependent RNA polymerase has been
reported to differ from that in E. coli (67). The differences were at the protein level, as well
as in the ability of the polymerase to recognize E. coli promoters (purified P. gingivalis
polymerase bound to P. gingivalis promoters but not to E. coli promoters). Thus we
hypothesize that the sigma factors in P. gingivalis will also differ from the well-
characterized factors in E. coli, both at the protein level as well as in regards to their target
recognition.

To date, the promoters of the Bacteroidetes group have not been well defined and our study
indicates there are significant differences in both the consensus sequences as well as in the
position of the promoters (promoters of several P. gingivalis genes are located far upstream
of the translational start site, e.g., promoters of the hmu, fimA, and feoB’s loci) (77,103,163)
(Lewis et al., unpublished). Therefore, further investigation of the promoter regions as well
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as the transcription process in Bacteroides is warranted. So far, sigma factors have not been
characterized in Bacteroidetes and thus our studies of these factors in P. gingivalis could
shed light on the transcription process in this group of bacteria. This is supported by our
observation that the sigma factors examined in this study share significant similarity with
putative sigma factors in other bacteria belonging to the Bacteroidetes phylum.

Analysis of the P. gingivalis W83 genome revealed that as many as eight putative sigma
factors may be present in this bacterium. These included: PG0162 (SigG, ECF subfamily),
PG0194, PG0536 (RpoD), PG0879.1 (sigma – 24 factor), PG0984 (RpoN, sigma – 54
factor), PG1158, PG1449 (SigG, ECF subfamily), and PG1595 (SigH, ECF subfamily)
(results from the Oralgen website, www.oralgen.lanl.gov). While RpoD (sigma – 70),
known as the primary sigma factor, and RpoN (sigma – 54) are required for transcription of
a wide variety of genes, the remaining sigma factors, also known as alternative sigma
factors, direct the transcription of a specific subsets of genes. The presence of multiple
alternative sigma factors implies they also may mediate regulation of iron-uptake
mechanisms in P. gingivalis. Elevated expression of the PG1158 in iron-limited conditions
suggests that the encoded protein may play a role in iron homeostasis in P. gingivalis (Lewis
et al., unpublished).

Based on the evidence, we conclude all the mechanisms found in other bacteria also appear
to be present in P. gingivalis. However, the roles of the regulatory mechanisms as well as
the players involved in regulation still need to be determined.

Pigmentation of P. gingivalis colonies
P. gingivalis forms black-pigmented colonies when grown on blood agar plates (75). The
black pigment consists of μ-oxo heme dimers that are generated when oxygen is complexed
between two hemin molecules (137). This mechanism may protect P. gingivalis from
oxidative stress generated by host cells (133). So far, gingipains were demonstrated to be
required for generation of the heme dimer (75,135). However, the release of hemin does not
explain the deposition of large amounts of hemin on the cell surface. Genes encoding
lipopolysaccharide biosynthesis were recently reported to be required for the pigment
formation (118). It is probable that the pigment hemin is non-specifically associated with the
bacterial cell surfaces due to charge and hydrophobic interactions.

Hemin and lipopolysaccharide
Lipopolysaccharide is the major bacterial component eliciting response from host cells. The
P. gingivalis lipopolysaccharide differs significantly from that of E. coli lipopolysaccharide
in the number of phosphate groups as well as lipid A fatty acids positions (112).
Furthermore, lipid A heterogeneity between various P. gingivalis strains has been observed
and is attributed to the action of acyltransferases, LpxA and LpxD (two proteins catalyzing
early stages of lipid A biosynthesis) (7). As it is the lipid A component of
lipopolysaccharide that interacts with host cell receptors, differences in the fatty acid
composition of lipid A also may lead to differences in virulence of P. gingivalis. It is notable
that the lipid A composition was dependent on the hemin concentrations present in culture
media (4). Hemin has been demonstrated to have a profound effect on the virulence of P.
gingivalis (64,83), and one possible mechanism of action may be through modulation of the
lipopolysaccharide structure.

Concluding remarks and future directions
The outcome of the battle for iron between pathogenic bacteria and the host determines the
occurrence of infection. In this review, we use P. gingivalis as a model oral organism and
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describe recent findings regarding iron acquisition mechanisms, with particular focus on
novel findings when compared with aerobic counterparts such as the well-studied bacterium
Escherichia coli. Several members of the Bacteroidetes phylum are implicated in
development and progression of periodontal disease. Considering the phylogenetic
relatedness, also underscored by sequence similarity between the various members of the
family, knowledge gained using one genus of bacteria can also be applicable for other
bacteria belonging to this family. Significant progress has been made in recent years
regarding iron acquisition and regulation in P. gingivalis, therefore, this organism was
selected as a model system to describe new findings regarding the role of iron in host-
pathogen interactions in the oral cavity. P. gingivalis inhabits various niches (supragingival,
subgingival, systemic location) and exists both intracellularly and extracellularly. This
environmental variation necessitates a variety of mechanisms to allow the organism to adapt
to the range of niches. Oxygen concentrations also vary among the niches, thus influencing
the availability of iron. Therefore, multiple iron acquisition systems, along with many levels
of regulation must be present in P. gingivalis.

P. gingivalis is very distantly related to Eubacterium and iron transport has been thoroughly
investigated in this anaerobically growing pathogen. P. gingivalis grows anaerobically or in
the presence of low concentrations of oxygen. In anaerobic conditions, iron is more soluble
and thus more abundant for bacterial acquisition. Also, in the absence of oxygen, high iron
concentrations pose no threat of oxidative stress to the bacterium. Considering this, we
expected to uncover novel results in P. gingivalis. Indeed, although some of the mechanisms
of iron acquisition and regulation resembled that of other bacteria, many novel findings were
also observed. These included the structure of the major hemin uptake locus, hmu, the
presence of secondary structures influencing the differential transcription within the locus,
the structure of the major hemin binding protein, HmuY, and the mechanisms of iron-
dependent regulation, which negatively influenced expression of iron uptake mechanisms
and increased the transcription of genes coding for oxidative stress protection mechanisms.
It should be noted, that the molecular basis of the regulation appears to involve the oxidative
stress response regulator, OxyR, which previously was demonstrated to control expression
of oxidative stress mechanisms, but was shown to also mediate iron-dependent regulation in
P. gingivalis. The novel findings were made possible by the availability of the genomic
sequence as well as other resources for high-throughput gene and protein expression. The
nucleotide sequence of the genome of P. gingivalis W83 has already been completed
collaboratively at the Forsyth Dental Center and The Institute for Genomic Research (TIGR)
and is available to investigators at http://www.pgingivalis.org/. Also, annotated databases
are available from the Oral Pathogen Sequence Database at Los Alamos National
Laboratory (http://www.stdgen.lanl.gov/oragen/) and the J. Craig Venter Institute’s
Comprehensive Microbial Resource (www.jcvi.org). Lastly, P. gingivalis W83 genomic
microarrays are available to all interested investigators. Despite the progress made regarding
iron acquisition in P. gingivalis, many gaps still exist in our knowledge and understanding
of the mechanisms of action. Genomic tools combined with structural analysis of the
mechanisms are expected to continue providing further insights into the roles of the various
mechanisms of iron acquisition and regulation in P. gingivalis. Finally, the mechanisms of
action of the various iron metabolism mechanisms in vivo will need to be illuminated and
are expected to provide insights into the requirement of the large number of putative iron
uptake mechanisms encoded on the genome of P. gingivalis.

My group and others have established that iron/hemin acquisition is an important feature in
P. gingivalis pathogenesis, so it follows that anything that would disrupt iron/hemin
acquisition or use represents a novel anti-infective interventional strategy. To my
knowledge, there are no antibiotics or vaccines that target iron/hemin homeostasis in any
pathogen. Thus, work leading to a cellular and molecular understanding of iron/hemin
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metabolism in P. gingivalis could produce novel translational approaches that will tip the
outcome of the host-bacteria battle for iron in favor of the host, and thus allow both
treatment and prevention of adult periodontal disease. In light of increasing antibiotic
resistance such novel approaches targeting pathogen-specific essential functions are needed
and the knowledge gained from investigating the iron acquisition systems of P. gingivalis
could shed light on similar targets in organisms related to P. gingivalis, such as P.
intermedia, T. forsythia, B. fragilis, Bacteroides thetaiotaomicron and Capnocytophaga
hutchinsonii. Despite the growing concern with infections caused by anaerobic bacteria
belonging to the family of Bacteroidetes phylum, little is known about the fundamental
biology of these organisms. Understanding the molecular basis of iron homeostasis in
Bacteroidetes will be a step forward in understanding the capability of the bacteria to
colonize in the host and cause disease.
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Fig. 1. Availability of hemin in physiological conditions
Upon vascular trauma, red blood cells (RBC) are released. Following RBC lysis,
hemoglobin (Hb) is released. The released hemoglobin is rapidly bound by haptoglobin (Hp)
and the complex is transported to the liver. This is the major hemin pathway. Upon depletion
of Hp-binding capacity, hemoglobin degrades and the released hemin is bound by a high
affinity serum protein, hemopexin (Hpx), and transported to the liver. Any remaining free
hemin is bound by a lower affinity protein, albumin. The hemin-albumin complexes can also
be bound by hemopexin and the heme-Hpx complexes can be transported to the liver.
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Fig. 2. Schematic representation of iron uptake in gram-negative bacteria
Outer Membrane (OM), cytoplasmic membrane (CM). Iron (Fe) is captured by an outer
membrane transporter (OM receptor) and transported through the outer membrane (OM)
into periplasm where it is bound by a periplasmic iron binding protein (PBP). PBP then
delivers Fe to cytoplasmic permease (CM permease) which transports the metal across the
cytoplasmic membrane (CM) into the cytoplasm. The metal transport activity of the OM
receptor is energy dependent which is delivered by a TonB protein (energy transducer).
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Fig. 3. Iron and oxygen in anaerobic conditions
Ferrous iron (Fe2+) is more soluble in anaerobic conditions and thus more available for
bacterial uptake (the increased iron transport in anaerobic conditions when compared to
aerobic one is designated by green arrow). At the same time lack of oxygen in anaerobic
conditions leads to reduced oxygen metabolism and thus reduced generation of hydrogen
peroxide (H2O2). The reduction in generation of is designated by red arrow. Ultimately,
generation of hydroxyl radicals resulting from interaction of iron and peroxide is reduced/or
eliminated in the absence of oxygen.
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Fig. 4. Schematic representation of the hemin uptake mechanisms present in P. gingivalis W83
Three hemin uptake loci designated as hmu, iht, and tlr are present on the genome of P.
gingivalis W83. These loci may encode mechanisms that transport may hemin derived from:
Hb-Hp (hemoglobin-haptoglobin complexes), Hm-Hx (hemin-hemopexin complexes), Hm-
Al (hemin-albumin complexes), or uncomplexed Hm (hemin). The question marks denote
areas yet to be investigated. Loci encoding the energy transducer proteins, TonB complex,
are also present in P. gingivalis W83. Finally, the regulator of the various loci and the role
of iron (Fe) and hemin in this process still remain to be defined.
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Fig. 5. Schematic representation of the predicted role of proteins encoded by the hemin uptake,
hmu locus
Hemoglobin-haptoglobin complexes (Hb-Hp), hemin-hemopexin complexes (Hm-Hx),
hemin-albumin complexes (Hm-Al) are degraded by P. gingivalis cysteine proteases,
gingipains. The released hemin (Hm) is then captured by the cell surface lipoprotein, HmuY,
which delivers it to the outer membrane transporter, HmuR. Alternatively, the HmuY
interacts with HmuR and extracts hemin from the Hb-Hp complexes. Hm is transported
through the outer membrane (OM) into periplasm by HmuR where it interacts with a novel
chelatase-like protein, HmuS delivering it to the cytoplasmic memmebrane (CM).
Ultimately, two permease-like proteins, HmuT and HmuU, transport Hm into cytoplasm.
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Fig. 6. Survival of P. gingivalis with host cells
P. gingivalis strains: parental (W83), ferrous iron transporter FeoB1 mutant, and manganese
transporter FeoB2 mutant were examined for their ability to survive within host cells.
Bacteria recovered from host cells following infection with parental and FeoB mutant strains
were determined by counting colony forming units (CFU). The numbers above the bars
represent the mean value derived from an experiment performed in triplicate.
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Fig. 7. Opposing gene regulatory functions of iron
In iron limited (−Fe) conditions, transcription of genes coding for proteins involved in iron
uptake mechanisms was increased while expression of oxidative stress response-encoding
genes was reduced when compared to iron replete conditions. Green arrow indicates
increase in transcription of genes encoding iron transport mechanisms such as the hemin
uptake locus (hmu) and putative hemin uptake locus encoded by PG1019–1020, as well as
genes coding for adhesins and/or invasins. At the same time reduced transcription of genes
coding for mechanisms protecting the cells from peroxide (H2O2) and other sources of
oxidative stress was reduced (designated by red arrow). These genes code for: Dps (DNA
protection during starvation protein), rubrerythrin, ferritin, and ferredoxin. Also, glycosyl
transferase-encoding genes were downregulated.
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Table 1

Comparison of properties of FeoB1 and FeoB2.

Biological process FeoB1 FeoB2

Metal Uptake Fe2+ transporter Mn2+ transporter

Anaerobic Growth Required Not required

Oxidative Stress Protection Not required Required

Intracellular Survival in Host Cells Not required Required

Virulence in Mouse Model Required Not required
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