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INTRODUCTION hard tissues of the tooth and the epithelial cells of the gingiva

Periodontal diseases comprise a group of infections involv-
ing the supporting tissues of the teeth. These range in severity
from mild and reversible inflammation of the gingiva (gum) to
chronic destruction of periodontal tissues (gingiva, periodontal
ligament, and alveolar bone) with eventual exfoliation of teeth.
From a microbiological standpoint, several features of these
diseases are of interest. The bacterial etiology is complex, with
a variety of organisms responsible for the initiation and pro-
gression of disease. Many, if not all, of these organisms may
also be present in periodontally healthy individuals and can
exist in commensal harmony with the host. Thus, disease epi-
sodes may ensue from a shift in the ecological balance between
bacterial and host factors, as a result of, for example, alteration
in the absolute or relative numbers of certain organisms,
changes in pathogenic potential, or modulation of particular
host factors. The local environment imposes a variety of
unique constraints upon the constituent microbiota of the su-
pragingival tooth surface and the subgingival crevice (the chan-
nel between the tooth root and the gingiva that deepens into a
periodontal pocket as disease progresses). Both the calcified
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are available for colonization. These tissues are exposed to
host salivary secretions and gingival crevicular fluid (a serum
exudate), both of which contain molecules that interact directly
with bacteria and alter prevailing environmental conditions. In
addition, successful colonizers of the teeth and subgingival
area must coexist with many (over 300) other species of bac-
teria that inhabit these regions. Study of the pathogenesis of
periodontal diseases is thus complicated by the ecological in-
tricacy of the microenvironment.

The classification of the various manifestations of periodon-
tal diseases is continually changing, and it will suffice to men-
tion that diseases range in severity, rate of progression, and
number of teeth affected and that different age groups can be
susceptible following the eruption of primary teeth. The nature
of the pathogenic agents varies among these disease entities, as
well as among patients and even between different disease sites
within a patient. In general, however, severe forms of the
disease in adults are associated with a number of gram-nega-
tive anaerobic bacteria. Of this group, most evidence points to
a pathogenic role for Porphyromonas (formerly Bacteroides)
gingivalis. The presence of this organism, acting either alone or
as a mixed infection with other bacteria, and possibly in con-
cert with the absence of beneficial species and certain immu-
nological deficiencies in the host, appears to be essential for
disease activity (83, 251). Intensive study of P. gingivalis has
revealed a vast array of potential virulence factors that are now
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FIG. 1. Multiple adhesive interactions of P. gingivalis. Adherence mechanisms may vary according to substrate, and adherence may be multimodal. P. gingivalis
releases membrane vesicles containing functional adhesins that may also bind to the substrates shown. Compiled from references 57, 76, 79, 108, 120, 130, 131, 163,

166, and 279.

being defined at the molecular level. In this article, we review
the pathogenic mechanisms of P. gingivalis.

INITIAL COLONIZATION OF THE
ORAL ENVIRONMENT

Colonization of the oral cavity requires that the bacteria first
enter the mouth and then localize at and attach to the available
surfaces. Host factors that tend to resist bacterial colonization
include the mechanical shearing forces of tongue movement
along with saliva and gingival crevicular fluid flow. Further-
more, specific salivary molecules can aggregate organisms and
promote their clearance via the processes of expectoration or
swallowing (262). Successful oral colonizers therefore possess a
variety of attributes to overcome host protective mechanisms.
The sessile plaque biofilm that subsequently accumulates on
the hard and soft tissues of the mouth is a dynamic system
composed of diverse microbial species. P. gingivalis is usually
among the late or secondary colonizers of the oral cavity,
requiring antecedent organisms to create the necessary envi-
ronmental conditions. The means by which antecedent bacte-
ria may facilitate colonization by P. gingivalis include provision
of attachment sites for interspecies adherence, supply of
growth substrates, and reduction of oxygen tension to the low
levels required for growth and survival of this obligate anaer-
obe (262).

Entry into the Oral Cavity

Initial entry of P. gingivalis into the oral cavity is thought to
occur by transmission from infected individuals (77). Saliva is
considered an important vector for transmission; however, the
spouses and children of individuals with P. gingivalis do not
always harbor the same genotype (203, 269). Other vectors
would therefore also appear to be operational. The clonal
diversity of P. gingivalis isolates has been examined by a variety
of techniques including ribotyping, restriction endonuclease
analysis, restriction fragment length polymorphism, multilocus

enzyme electrophoresis, and arbitrary PCR amplification (145,
146, 156, 261). These studies indicate that individuals are col-
onized by a single (or at least a predominant) genotype, re-
gardless of site of colonization or clinical status. Strains of
many different clonal origins, in contrast, are present in differ-
ent individuals. This supports the concept that P. gingivalis is
essentially an opportunistic pathogen, with virulence not being
restricted to a particular clonal type.

Adherence to Oral Surfaces

The oral cavity provides a variety of surfaces to which P.
gingivalis can adhere (262) (Fig. 1). There are the mineralized
hard tissues of the teeth, along with mucosal surfaces including
those of the gingiva, cheek, and tongue. Colonization of sur-
faces remote from the gingival crevice and periodontal pocket
can still have significance for the disease process since, once
established, pathogenic organisms may reach the subgingival
area by spreading proliferation or by translocation of dislodged
progeny (244, 259). Oral surfaces generally are coated with a
pellicle composed predominantly of salivary molecules but also
potentially including serum-derived molecules from gingival
crevicular fluid along with products related to host nutrition
and epithelial cell turnover (262). It is the components of these
pellicles, in particular various salivary molecules adsorbed on
the tooth surface, that commonly function as receptors for
bacterial adherence. Furthermore, oral surfaces rapidly be-
come colonized with the early commensal microbiota of the
mouth, as a consequence of which organisms such as P. gingi-
valis usually encounter surfaces rich in antecedent bacteria and
their products. P. gingivalis can adhere to many of these early
plaque organisms such as oral streptococci (Streptococcus gor-
donii, S. sanguis, S. oralis, S. mitis, and S. crista) and Actino-
myces naeslundii (76, 108, 130, 131, 141, 166). These coadher-
ence interactions tend not to result in the formation of large
aggregates in suspension (109, 131, 229), a mechanism that
may facilitate colonization by diminishing the probability that
large coaggregates of organisms would be lost from the mouth
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FIG. 2. Functional domains of P. gingivalis fimbrillin. Numbers refer to amino acid residues. Abbreviations: AG, immunodominant (IgG binding); B Cell,
stimulation of B cells; CK, stimulation of cytokines; CT, chemotaxis; FN, binding to fibronectin; LF, binding to lactoferrin; PRP, binding to salivary PRPs; RBC, binding
to erythrocytes; STA, binding to salivary statherin; STREP, binding to Streptococcus oralis; T Cell, stimulation of T cells. The boundaries of the domains are not known

precisely. Compiled from references 5, 7, 52, 104, 167, 179-184, 187, 252, and 255.

by expectoration or swallowing before reaching a solid support.
In addition, P. gingivalis can bind to other, later colonizers such
as Fusobacterium nucleatum, Treponema denticola, and Bacte-
roides forsythus (79, 120, 279). These kinds of interspecies bind-
ing interactions may not only favor colonization but also pro-
mote nutritional interrelationships and intercellular signaling
mechanisms (122). Other parameters of relevance to oral ad-
herence include the presence, in the fluid phase, of saliva- and
crevicular fluid-derived molecules that have the potential to
bind to P. gingivalis and modulate its adhesion. The importance
of such interactions is difficult to assess, however, since the
degree of inhibition and enhancement varies according to the
salivary source, the strains under investigation, and even the
assay system used (131, 163, 166, 279).

Perhaps as an evolutionary adaptation to the diversity of
available substrates, P. gingivalis displays a variety of distinct
adhesive interactions that are associated with both fimbriae
and outer membrane proteins (98, 132, 153). Such multimodal
adherence mechanisms may not only improve the likelihood of
attachment occurring but also increase the avidity of binding to
individual substrates. In addition, in some cases, adherence to
host cells can be a prelude to the modulation of eucaryotic
intracellular signal transduction pathways. Thus, the specificity
or strength of the adherence interaction or the sequence in
which different adhesins engage their receptors may be impor-
tant in the manipulation of the biological activity of the host
cell by P. gingivalis.

Adhesin Molecules

Fimbriae. Ultrastructural examination has revealed the
presence of peritrichious fimbriae, 0.3 to 3.0 wm long and ca.
5 nm wide, on most strains of P. gingivalis (191, 244). The major
class of fimbriae are composed of a fimbrillin monomer sub-
unit that varies in size between 41 and 49 kDa depending on
the strain (135). Circular dichroism analysis indicates that the
secondary structure contains a high percentage of B-sheet and
random coil with no detectable a-helix (253, 284). The gene
encoding fimbrillin (fimA) is present in a single copy in the
chromosome and is monocistronic (53). Protein sequence anal-
ysis reveals no significant homology to fimbrial proteins from
other bacteria, indicating that P. gingivalis fimbriae may repre-
sent a unique class of gram-negative fimbriae (53).

Fimbriae appear to be a major adherence-mediating deter-
minant of P. gingivalis. Investigations variously involving puri-
fied fimbriae, recombinant fimbrillin, isogenic mutants defi-
cient in fimbriae production, and antibodies to fimbriae have
revealed that the fimbriae per se mediate adherence to a va-
riety of oral substrates and molecules. These include salivary

molecules such as proline-rich proteins (PRPs), proline-rich
glycoproteins, and statherin; oral epithelial cells; antecedent
bacteria such as oral streptococci, and A. naeslundii; and fi-
brinogen, fibronectin, and lactoferrin (7, 9, 76, 88, 105, 128,
136, 162, 252, 255, 274). Thus, fimbriae have the potential to be
involved in most, if not all, of the adherence properties dis-
played by the organism. The domain structure of fimbrillin has
recently received much attention, and studies with synthetic
and truncated peptides have contributed greatly to our under-
standing in this area. Fimbrillin binding to salivary PRP1 and
statherin involves separate and multiple binding domains (7,
167). The interactive regions are localized mainly at the C-
terminal end of the protein between amino acids (aa) 266 and
337, although a less active domain appears N-terminally lo-
cated between aa 124 and 146 (Fig. 2). Common sequences
comprising VLVxxN and xYDxxxT (where x is any residue)
were noted within the PRP1 and statherin binding regions
respectively. On the basis of these observations, Amano et al.
(7) proposed that the collective activity of all of these domains
would be important in the stable association of fimbrillin with
its salivary receptor, thus ultimately establishing bacterial ad-
herence to saliva-coated surfaces in the oral cavity. The region
from aa 124 to 146 and, to a lesser extent, the region from aa
318 to 337 are also involved in binding fibronectin (255).
Amino acid sequences VOxxA or VxxxA were identified as
potential interactive domains (255). The fimbrillin C-terminal
region is involved in coadherence to S. oralis, with functional
domains located in the regions from aa 266 to 286 and aa 287
to 337 (5). A domain map of fimbrillin with respect to a num-
ber of binding and immunogenic properties is provided in Fig.
2. Note that the extent to which linearly separated domains are
brought into closer proximity upon protein folding is at present
unknown.

The functionality of some of the receptor molecules for
fimbrillin is also now partially understood. Statherin binds with
fimbrillin only after deposition on solid surfaces such as hy-
droxyapatite (6). It has been theorized that in the aqueous
phase statherin forms a dimer with N-terminal negatively
charged groups exposed. After adsorption, however, confor-
mational changes occur in the flexible C-terminal region, ex-
posing cryptitopes to which fimbrillin binds (6, 209). Residues
29 and 30 (LY) and 41 to 43 (YTF) appear to constitute the
binding domains for fimbrillin (6). Salivary acidic PRPs are
also thought to require exposure of cryptitopes for bacterial
binding (74). The fimbria binding site of PRP1 has been local-
ized to a PQGPPQ segment that recurs four times within the
region spanning aa 75 to 145 (114). Kataoka et al. (114) have
proposed that the specificity of this binding interaction is de-
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termined by the hydrophobicity of proline and the hydrogen
bond provided by glutamine. Less is known about other fim-
brial receptors. However, a 48-kDa surface protein on gingival
epithelial cells was found to interact with fimbriated but not
with nonfimbriated strains of P. gingivalis and thus may func-
tion as a cognate receptor for fimbriae (274).

Although most of the evidence to date points to a direct role
for the fimbrillin subunit in the various binding interactions, it
cannot be stated with certainty that minor components of the
fimbriae are not involved in adherence. In this context, it is
interesting that the region downstream of fimA contains four
open reading frames. These open reading frames, designated 1
to 4, produce proteins of 15, 50, 80, and 19 kDa, respectively,
when expressed in Escherichia coli (273, 282). The 50- and
80-kDa products were also detected in P. gingivalis; hence,
although the precise relationship is uncertain, these proteins
may be associated with the fimbriae and are thus potential
candidates for fimbria-associated adhesins (282).

The importance of fimbriae in P. gingivalis infection has
been documented in a number of studies. Immunization with
purified fimbriae confers protection against periodontal de-
struction in a gnotobiotic rat model (58). Moreover, insertional
inactivation of the fimA gene, with concomitant loss of fimbria
production, results in a phenotype significantly less able to
cause periodontal bone loss in the gnotobiotic rat model (150).
Although individually such studies are not conclusive, collec-
tively they provide strong support for a central role for fim-
briae in periodontal disease. The precise nature of this role,
however, still remains to be determined. In addition to medi-
ating adherence, fimbriae have a variety of other properties
(such as chemotactic properties and cytokine induction), as
discussed throughout this article, that may also be involved in
pathogenicity. The molecular interplay between P. gingivalis
fimbriae and host factors may be a major determinant of the
disease process.

The presence of more than one type of fimbria on P. gingi-
valis has recently become apparent. Electron microscopy of
fimA-inactivated strains has revealed that, in addition to the
major fimbriae, P. gingivalis possesses shorter fimbriae (87).
These structures, designated minor fimbriae, are composed of
a protein of 67 kDa that is antigenically distinct from the
fimbrillin product of fimA. Another distinct fimbrial structure
has been detected by immunoelectron microscopy (188). A
72-kDa protein is the constituent subunit of these fimbriae,
which are designated Pg-I1. The relationship and functionality
of these minor fimbriae has yet to be investigated.

Hemagglutinins. Hemagglutinin proteins are established
virulence factors for a number of bacterial species, and P.
gingivalis produces at least five hemagglutinating molecules.
When expressed on the bacterial cell surface, hemagglutinins
may promote colonization by mediating the binding of bacteria
to receptors (usually oligosaccharides) on human cells. Since P.
gingivalis utilizes heme for growth, binding of bacterial cells to
erythrocytes may also serve a nutritional function (138). Early
studies suggested that hemagglutination by P. gingivalis might
be fimbria-mediated (191). This concept was subsequently con-
futed when purified fimbriae were shown not to exhibit hem-
agglutinating activity (283) and neither fimbriae nor antibodies
to fimbriae (105) blocked hemagglutination by P. gingivalis
cells. More recent evidence, however, does implicate a role for
fimbrillin in hemagglutination, since synthetic peptides based
on the sequence of fimbrillin (Fig. 2) clearly possess hemag-
glutinating activities (180). One current view then is that fim-
briae do have hemagglutinating activity (54) but that P. gingi-
valis cells produce a number of hemagglutinins that are distinct
from fimbrial protein synthesis, assembly, and structure.
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Hemagglutinin activities expressed by P. gingivalis include
those complexed with lipopolysaccharide (LPS) and lipid on
the cell surface (21) and a released 40-kDa form of activity
designated exohemagglutinin (101). This exohemagglutinin ac-
tivity was inhibited by arginine (192), while salivary histatins
(histidine-rich polypeptides) bind to P. gingivalis 381 cells and
inhibit their hemagglutinating activity (164) via an arginine-
dependent mechanism (165). Band 3 protein isolated from
erythrocyte membranes is a putative receptor for this hemag-
glutinin (95). Another cell-bound nonfimbrial hemagglutinat-
ing adhesin denoted HA-Ag2 was purified from P. gingivalis
ATCC 33277 and shown to consist of two polypeptide bands
with molecular masses of 43 and 49 kDa (159).

The cloning of the first hemagglutinin gene (hagA4) from P.
gingivalis 381 by Progulske-Fox et al. (207) has led to major
advances in our understanding of the genetic and functional
complexities of the hemagglutination process. The hagA gene
encodes a protein with a predicted molecular mass of 283.3
kDa (2,628 aa) and contains four contiguous direct 440- to
456-aa residue repeat blocks (89). It is likely that each repeat
block contains a functional hemagglutinin domain since the
polypeptide product of a single repeat clone demonstrated
hemagglutinating activity (89). Each block begins with a P-N
repeat sequence, which for three of the blocks is PNGTPNPN
PNPNPGT. Four additional hag genes have now been cloned
and sequenced. The hagB and hagC genes are at distinct chro-
mosomal loci and encode 350-aa polypeptides with inferred
molecular masses of 39 kDa (migrating as 49-kDa bands in gel
electrophoresis) that are 98.6% identical (138, 208). These
polypeptides have no sequence similarities to HagA, and no
significant homologies to them can be seen in the protein
sequence databases. On the other hand, the HagD polypeptide
is 73.8% identical to HagA (139), while HagE, also cloned
from strain 381, contains a 523-aa region with 93% homology
to HagA (89). These hagA-like sequences are also found at
other sites within the P. gingivalis chromosome (discussed
below). The precise genetic, structural, and functional rela-
tionships between the hag gene products and the aforemen-
tioned HA-Ag2 or exohemagglutinin activities are not yet
understood.

Important questions thus arising include to what extent
these individual gene products contribute both to the hemag-
glutinating and adhesive activities of P. gingivalis cells and to
the infection and disease processes. To begin to answer these
questions, Lepine et al. (139) constructed isogenic ~ag mutants
of P. gingivalis 381 and examined their in vitro adhesion phe-
notypes. Disruption of the hagA, hagB, or hagC gene in each
case resulted in reduced hemagglutinating activity of cells,
suggesting that all three genes were involved in determining
the hemagglutination phenotype (139). The relative expression
of hag genes under different environmental conditions, both in
vitro and in vivo, was recently considered by Lee et al. (137). A
novel vector-reporter construct was used to monitor in vivo
expression of the ~agB and hagC genes in a mouse subcutane-
ous abscess model of P. gingivalis infection. Both genes were
shown to be expressed in vivo, with the sagB promoter being
more active than the hagC promoter. In vitro, the relative
expression of the hagB and hagC genes depends upon the
phase of bacterial growth and levels of hemin (138). A genetic
screen of E. coli clones expressing P. gingivalis genes mediating
epithelial-cell attachment identified hagA- and hagD-like se-
quences (55), thus confirming independently a likely role for
these sequences in adhesion to host cells. Epitopes within
the HagA and HagD sequences are also recognized by an-
tibodies in sera from periodontitis patients (43), but this
immune recognition may not be sufficient to influence ad-
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hesion and colonization (118). A monoclonal antibody,
which reacts with an epitope within the linear sequence
GVSPK VCKDV TVEGS NEFAP VONLT present within
each of the HagA amino acid repeat units (89), inhibits P.
gingivalis hemagglutination (43). This sequence might be a
potential target for the development of immunization strat-
egies against P. gingivalis.

There have been many reported associations between hem-
agglutinating and proteolytic activities in P. gingivalis (80, 99,
173, 174). The genetic basis for these is beginning to be ex-
plained following the recent activity in sequencing of P. gingi-
valis genes. Emerging sequence data suggest that hemaggluti-
nin-related sequences not only are present as independently
expressed genes, e.g., hagA, but also are coexpressed with
genes encoding proteolytic activities. Hence, hemagglutinating
and proteinase activities are found in complexes on the cell
surface (233). Although it is not yet possible to correlate nu-
cleotide sequences with the genes encoding HA-Ag2, exohe-
magglutinin, and other hemagglutinins with reported molecu-
lar masses in the range of 29 to 49 kDa, it seems plausible to
suggest that these may all turn out to be products of two or
more conserved hemagglutinin-encoding sequences distrib-
uted at multiple sites within the P. gingivalis genome. The
genetic complexity should be resolved upon analysis of the
complete genomic sequence. This in turn should open the way
for more precise functional analyses of the role of hemagglu-
tinin-related sequences in P. gingivalis adhesion and pathogen-
esis. As considered in more detail below (see “Proteinases”), it
is already clear that the genetic and functional determinants of
adhesion, hemagglutination, proteolysis, and fimbriation are
inextricably linked (33).

INTERACTIONS WITH EPITHELIAL CELLS

The cells of the junctional epithelium provide an early bar-
rier to tissue penetration by periodontal pathogens. Recently,
it has become apparent that epithelial cells function both as a
mechanical barrier to the ingress of organisms and as sensors
of microbial infection (111). Epithelial cells thus comprise an
interactive interface with subgingival bacteria, generating and
transmitting signals between bacteria and the adjacent and
underlying immune cells in the periodontal tissues. Many bac-
terial species that initiate infections at epithelial cell interfaces
can internalize within the epithelial cells and subvert the in-
tracellular information-processing events that control this sig-
naling network. The molecular dialogue that occurs between
bacteria and epithelial cells (for which the term “cellular mi-
crobiology” has recently been coined [40]) is thus important in
the ultimate outcome of the encounter between pathogen and
host. Although it has been known for some time that P. gingi-
valis is capable of penetrating gingival tissues (64, 202, 218-
220, 258), recognition of the ability of this organism to subvert
host intracellular events and localize intracellularly is more
recent.

P. gingivalis has invasive potential, actively internalizing
within epithelial cells by mechanisms similar to those used by
various enteric pathogens (Fig. 3). Invasion of P. gingivalis has
been studied in primary cultures of gingival epithelial cells
(129, 133), oral epithelial cell lines (56, 175, 223), and cultures
of multilayered pocket epithelium (224). Invasion proceeds
more efficiently in primary cell cultures than in transformed
cells (56, 129), indicating that transformation-induced changes
in cell surface receptors or in intracellular signaling pathways
may be detrimental to the invasion process. Attachment of P.
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gingivalis to primary gingival epithelial cells induces the forma-
tion of membrane invaginations that surround and engulf the
bacteria, effecting their internalization (129, 133). The bacteria
rapidly become located in the cytoplasm without, seemingly,
being first constrained within a membrane-bound vacuole
(129), although such cytoplasmic vacuoles do appear to be
present after invasion of KB cells (175). Rearrangement of the
host cell cytoskeleton to accommodate these membrane invagi-
nations involves both microfilament and microtubule activity, a
characteristic shared with, among others, Neisseria gonor-
rhoeae, Haemophilus influenzae, and Citrobacter freundii (129,
177, 212, 256). The individual component of the multimodal
adherence of P. gingivalis to epithelial cells that is most rele-
vant to subsequent invasion is fimbria mediated. A fimbria-
deficient mutant of P. gingivalis exhibited a significantly greater
reduction in invasion compared with adherence (274). Fim-
briae binding to their cognate receptor(s) may therefore trig-
ger the activation of eucaryotic proteins involved in signal
transduction required for internalization (274). The epithelial
cell receptor for fimbriae has not been characterized; however,
a 48-kDa surface molecule has been found to bind to fimbriae
and is thus a potential candidate (274). P. gingivalis is also
capable of secreting a novel set of proteins when in contact
with epithelial cells (196). Such secretion is generally indicative
of the presence of a type III protein secretion pathway which
allows bacteria to translocate proteins directly into host cell
cytoplasm. These translocated proteins can then impinge upon
eucaryotic signaling pathways. The extent to which the P. gin-
givalis secreted proteins possess intracellular effector functions
remains to be determined. Although the ultimate fate of in-
ternal P. gingivalis is uncertain, the bacteria can persist for
extended periods within host cells and can replicate intracel-
lularly (129, 148). Intercellular spread of the organisms has not
been observed. The environment within epithelial cells may
thus represent a nutritionally rich, immunologically privileged
site for P. gingivalis, which can then serve as a source for
recrudescence of active disease episodes. Alternatively, uptake
of P. gingivalis by epithelial cells may represent a mechanism by
which the host sequesters this pathogenic organism.

The events that occur within epithelial cells following con-
tact with invasive P. gingivalis are only beginning to be defined
(Fig. 3). P. gingivalis induces a transient increase in epithelial
cell cytosolic [Ca**], a characteristic shared with Salmonella
typhimurium and enteropathogenic E. coli (12, 106, 195). Ele-
vated intracellular [Ca®*] results from release of Ca®>" from
thapsigargin-sensitive intracellular stores; influx of extracellu-
lar Ca** does not appear to be involved (106). Such Ca** ion
fluxes are likely to be important in many signaling events and
may converge on calcium-gated ion channels in the cytoplas-
mic membrane, cytoskeletal remodeling, or nuclear transcrip-
tion factors (17). Eucaryotic cell-signaling pathways also de-
pend on the pattern of protein phosphorylation (40). P.
gingivalis invasion is correlated with the tyrosine phosphoryla-
tion of a 43-kDa intracellular eucaryotic protein (223), a size
consistent with that of mitogen-activated protein (MAP) ki-
nase, which is a target of phosphorylation by invasive S. typhi-
murium and Listeria monocytogenes (215, 260). Exploitation of
MAP kinase-dependent signaling events may also funnel
through cytoskeletal remodeling or nuclear transcription fac-
tors (63). Furthermore, recent studies in eucaryotic signaling
indicate that the cellular skeleton per se may play a direct role
in transmitting regulatory information through the cell rather
than simply acting as a passive support structure (151, 152).
The usurpation of microfilament and microtubule functions by
invasive P. gingivalis may therefore be another means by which
normal intracellular information flow is compromised. The
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collective action of these perturbations of epithelial cell intra-
cellular pathways can have phenotypic effects with immediate
relevance to the disease process. Regulation of matrix metal-
loproteinase (MMP) production by gingival epithelial cells is
disrupted following contact with the organism (66). Impaired
regulation of MMP activation and production will affect extra-
cellular proteolysis in general and, with particular consequence
for tissue integrity, interfere with extracellular matrix repair
and reorganization. Invasion of P. gingivalis also has implica-
tions for innate host immunity. Secretion of interleukin-8
(IL-8) by gingival epithelial cells is inhibited following P. gin-
givalis invasion (47). P. gingivalis is also able to antagonize IL-8
secretion following stimulation of epithelial cells by common
plaque constituents such as Fusobacterium nucleatum (47). In-
hibition of IL-8 accumulation by P. gingivalis at sites of bacte-
rial invasion could have a debilitating effect on innate host
defense in the periodontium, where bacterial exposure is con-
stant. The host would no longer be able to detect the presence
of bacteria and direct leukocytes for their removal. The ensu-
ing overgrowth of bacteria would then contribute to a burst of
disease activity.

NUTRIENT ACQUISITION

Peptides

Following entry and attachment, oral bacteria must be able
to utilize available nutrients in order to thrive in the oral cavity.
P. gingivalis is an asaccharolytic organism, dependent on ni-
trogenous substrates for energy (230). Although sugars such as
glucose can be utilized by the organism, these compounds are
not converted to metabolic end products but, rather, are used
for the biosynthesis of intracellular macromolecules (230, 231,
234). Among the potential nitrogenous substrates available in
the mouth, P. gingivalis has only a limited ability to ferment
free amino acids, with the possible exception of aspartic acid
and asparagine, which can be metabolized through oxaloac-
etate, malate, and fumarate to yield succinate (231). In con-
trast, peptides are efficiently utilized for growth (230). Thus,
the action of proteolytic enzymes produced by P. gingivalis,
along with other bacterially and host-derived proteases, in the
protein-rich subgingival milieu would appear to be pivotal to
nutrient acquisition by P. gingivalis. As discussed in consider-
able detail below, P. gingivalis produces multiple proteases that
can degrade a number of potentially important substrates in
the gingival crevice, including collagen, fibronectin, fibrinogen,
laminin, and keratin (98, 153, 265, 266). Although these pro-
teolytic activities are well established, the identity of the en-
zyme(s) responsible in each case is less clear. Nonetheless, the
high level of proteolytic activity and the wide range of appro-
priate substrate specificities provide P. gingivalis with the nec-
essary molecular tools to compete metabolically in the protein-
rich subgingival environment.

Hemin

P. gingivalis has an obligate iron requirement for growth.
However, it appears to lack a siderophore system (22) and
utilizes hemin (iron protoporphyrin IX) to satisfy this iron
requirement (14, 23, 98, 250). A number of hemin-containing
compounds, such as hemoglobin, haptoglobin, myoglobin, he-
mopexin, methemoglobin, oxyhemoglobin, albumin, lactoper-
oxidase, catalase, and cytochrome c, can provide hemin follow-
ing proteolytic processing (14, 23, 67, 98, 250). Although
nonhemin iron sources such as ferric, ferrous, and nitrogenous
inorganic iron, along with transferrin and lactoferrin, can also
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TABLE 1. Functions of P. gingivalis proteinases”

Impairment of tissue integrity

Perturbation of host defenses

Bacterial function

Degradation of extracellular matrix proteins
(fibronectin, laminin)
Hydrolysis of collagens I, III, IV, and V
components
Degradation of fibrinogen

Inactivation of tissue and plasma proteinase
inhibitors

Activation of matrix metalloproteinases

Activation of the kallikrein/kinin cascade

Degradation of immunoglobulins
Inactivation or activation of complement
Destruction of cytokines and chemokines

Cleavage of leukocyte surface receptors

Release of hemin and iron from host proteins
Exposure of host and bacterial cryptitopes
Posttranslational processing of proteases,

fimbrillin, and outer membrane proteins
Involvement in intracellular invasion

Degradation of antimicrobial peptides

@ Compiled from references 1, 3, 16, 30, 35, 38, 45, 51, 62, 74, 107, 110, 113, 115, 123, 124, 127, 129, 130, 134, 141, 170-172, 193, 204, 225, 226, 230, 263, and 265.

support P. gingivalis growth (23, 102), all the iron demands of
P. gingivalis can be fulfilled by hemin. Hemin is stored on the
cell surface, a feature considered to give rise to the character-
istic black-pigmented appearance of P. gingivalis colonies (70).
The intact hemin molecule can be transported into the cell in
an energy-dependent process regulated by the levels of avail-
able hemin (71). Specific interactions between the protopor-
phyrin IX ring and outer membrane proteins appear to initiate
the uptake process (23, 71). A number of potential hemin
binding proteins have been described. The work of Bramanti
and Holt (24-26) has identified a 26-kDa outer membrane
protein that may be involved in both binding and transport of
hemin. Fujimura et al. (67, 68) reported a 19-kDa hemoglobu-
lin binding protein, while Smalley et al. (247, 249) and Kim et
al. (119) discovered 32 and 30-kDa hemin binding proteins
respectively. Karunakaran et al. (113) identified a 48-kDa pro-
tein (HemR) with significant homology within the N-terminal
region to iron-regulated, TonB-dependent outer membrane
receptor proteins IrgA from Vibrio cholerae and BtuB and
CirA from E. coli. (In many bacteria, TonB-linked receptors
are involved in periplasmic transport of compounds such as
colicins, iron, and vitamin B,,.) The C-terminal two-thirds of
HemR (aa 173 to 419) contains 99% identical residues to a
region (aa 575 to 821) of the P. gingivalis PrtT protease, en-
coded by a gene upstream of hemR. An additional putative
TonB-linked and protease-associated protein (Tla) has also
been found in P. gingivalis. The tla gene (3) encodes a pre-
dicted protein with structural similarity within the N-terminal
region to TonB-linked receptors and also contains an internal
region of 98% identity to the B domain of RI protease (see
below). Mutants inactivated in tla are unable to grow in me-
dium containing low concentrations of hemin and produce
significantly lower proteinase activities. The relationship (if
any) among the various hemin-binding proteins, the role of
TonB in periplasmic translocation of hemin, and the involve-
ment of other hemin-regulated proteins that have not yet been
demonstrated to bind hemin (22, 27, 247) remain to be defin-
itively established. Kinetic analyses indicate the existence of
more than one hemin-binding mechanism (248, 249) which
would allow the participation both of multiple outer mem-
brane proteins and of LPS, another hemin binding molecule
(78).

The levels of hemin in the oral cavity are likely to be vari-
able. Bleeding as a result of gingival inflammation will elevate
subgingival hemin concentrations and may be one factor that
predisposes a site to P. gingivalis accumulation. P. gingivalis has
also developed mechanisms that will increase the availability of
hemin. Proteolytic activity, perhaps in direct association with
hemin-binding proteins, e.g., HemR and Tla (3, 113), will de-
grade the host hemin-sequestering plasma proteins such as

haptoglobulin and albumin (249). Moreover, P. gingivalis pro-
duces (at least) two genetically distinct cell- and vesicle-asso-
ciated hemolysins which will liberate hemoglobulin from eryth-
rocytes (37, 112). Hemin not only is vital for growth but also
regulates various virulence-associated activities of P. gingivalis
(as discussed below). Furthermore, membrane-bound hemin
can scavenge oxygen and help maintain an anaerobic environ-
ment (250). More complete elucidation of the complex bind-
ing, uptake, and regulatory pathways relating to hemin will
provide significant insights into the fundamental nature of the
organism.

TOXINS AND TOXIC PRODUCTS

P. gingivalis does not elaborate a single potent exotoxin, but
an almost bewildering array of enzymes along with toxic me-
tabolites and cellular constituents are produced by the bacte-
rial cells. These compounds have the potential to impinge
upon host tissue integrity and cause loss of the alveolar bone
and other supporting periodontal tissues, an important feature
of advanced periodontal disease. Furthermore, the host innate
and acquired immune defense mechanisms can be adversely
affected, prolonging the microbial onslaught on the periodon-
tium and contributing to immunopathogenic mechanisms of
tissue destruction.

Proteinases

Although the primary function of proteases secreted by asac-
charolytic bacteria such as P. gingivalis is to provide peptides
for growth, proteases are also involved directly in tissue inva-
sion and destruction by bacteria and in evasion and modulation
of host immune defenses. Specific examples of tissue degrada-
tion and attenuation of host defense mechanisms include the
degradation of extracellular matrix proteins, activation of
MMPs, inactivation of plasma proteinase inhibitors, cleavage
of cell surface receptors, activation or inactivation of comple-
ment factors and cytokines, and activation of the kallikrein-
kinin cascade (266) (Table 1). P. gingivalis cells elaborate a
number of proteolytic activities that accomplish all these ac-
tivities. In the realization that periodontitis is a destructive and
inflammatory condition, there naturally has been intense re-
search effort directed toward identifying and characterizing the
proteinases produced by periodontal pathogens. The current
status of over 15 years of work on P. gingivalis proteinases is a
somewhat confusing and still emerging story involving multiple
genes and multiply processed products of those genes. The
confusion is exacerbated by the plethora of strains used, a lack
of consensus with respect to genetic nomenclature, incomplete
sequence information, and only partial biochemical character-
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TABLE 2. P. gingivalis Proteinases: Substrate Specificity and Genes

s?)l;tc’fftif:?tt;" Homologous genes (host strain)”
ATg-X oo rgp-1 (HG66), rgpA (ATCC 33277), prpR1 (W50),
prtR (W50), prtH (W83), agp (381), cpgR
(ATCC 33277)
Arg-X oo rgp-2 (HG66) rgpB (ATCC 33277), prtRII (W50),
prR2 (W50)
Lys-Xoooiiieiin kgp (HG66) prtK (W50) prtP (W12)

“ Specificity determined with synthetic substrates.
? Compiled from references 2, 4, 13, 60, 73, 121, 158, 170, 189, 190, 200, 201,
205, 206, 210, 240, and 241.

izations of enzymatic activities. Although it is anticipated that
the P. gingivalis genomic sequence will begin to clarify matters,
functional studies are needed to resolve the complexities of
proteinase production and regulation, since these involve ex-
tensive posttranslational processing events and probably also
translational controls in addition to transcriptional control.
Indeed, major advances in understanding of P. gingivalis pro-
teinases have come about recently through close integration of
biochemical and genetic studies (18, 200, 210).

A number of proteases produced by P. gingivalis are thiol-
dependent enzymes that cleave C-terminal to arginine (Arg-
Xaa) or lysine (Lys-Xaa) within protein or peptide substrates
and thus were designated, on the basis of substrate specificity,
“trypsin-like” enzymes. Biochemically, these enzymes are
members of the cysteine-proteinase family, which includes the
papains, calpains, streptopains (from Streptococcus), clostri-
pain (Clostridium), various endopeptidases, and the type IV
prepilin leader peptidase. In addition to the cysteine protein-
ase enzymes, P. gingivalis produces serine proteinase activities
(81, 96). Enzymes that degrade immunoglobulins, collagen
and/or gelatin, complement factors, fibrinogen, and fibronectin
can almost always be ascribed to one of these two families.

Arg-X- and Lys-X-specific proteinases. Before the genes
encoding cysteine proteinases of P. gingivalis were cloned and
sequenced, the proteolytic enzymatic activities that were puri-
fied or semipurified from cell surface extracts or culture fluid
were given a variety of names. Thus, gingivain (232), gingipain
(34), and argingipain (110) all describe Arg-X-specific protein-
ase activities which are probably identical. It has been pro-
posed (158, 205) that the genes encoding Arg-X-specific en-
zymes be designated rgp and those encoding Lys-X-specific
enzymes be designated kgp, a classification scheme that would
certainly simplify the nomenclature.

A number of genes encoding Arg-X- and Lys-X-specific
proteases from different strains of P. gingivalis have now been
isolated and sequenced (Table 2). The genes within the two
Arg-X protease families exhibit some differences in sequence
and in organization of the coding regions within the genes;
however, virtually all these differences are possibly simply
strain related and/or related to sequencing or cloning artifacts
(205). The major difference between the two Arg-X families is
the absence of the hemagglutinin/adhesin domain in the sec-
ond grouping (rgp-2, etc). The N-terminal catalytic domain
sequences are, however, structurally and kinetically almost
identical (210). Overall, their extensive sequence and struc-
tural similarities lead to the conclusion that all these genes
were derived from a single ancestral genetic locus. Inactivation
of both genes in strain W50 is necessary for abrogation of
Arg-X proteinase activity. This indicates that both genes are
expressed in culture and that both their products contribute to
extracellular Arg-X protease activity.
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Multiple forms of Arg-X proteases are recovered from the
cell surface of P. gingivalis and from the culture fluid. These
forms are believed to result mainly from posttranslational pro-
cessing of larger polyprotein precursor products. For example,
the prpR1 gene has a primary transcript of approximately 6 kb
and the inferred polyprotein comprises 1,706 aa. Three forms
of culture supernatant Arg-X proteinase activity, all products
of the prpR1 gene, have been designated RI, RIA, and RIB
(210). RI is a heterodimer composed of a catalytic () chain
with a molecular mass of approximately 53 kDa, derived from
the N-terminal region of the polyprotein, held in noncovalent
association with a second () chain of about the same mass,
derived from the central region of the polyprotein (Fig. 4). The
RIA and RIB proteins are monomeric forms, RIA being the a
chain only and RIB being a lipid-modified form of o that may
be associated with extracellular vesicles. The a and § compo-
nents of RI are contiguous on the initial translation product
and are flanked by an N-terminal propeptide (preceded by a
typical leader peptide) and a C-terminal extension (termed )
(Fig. 4). The putative processing sites within the precursor
each carry an Arg residue, and therefore it is proposed that the
polyprotein is processed by an Arg-X protease.

Cell surface-associated Arg-X protease activity in P. gingi-
valis W50 is found within a complex that contains at least nine
polypeptides (18). These are believed to be derived from pro-
teolytic processing of PrpR1 polyprotein [designated PrtR by
Bhogal et al. (18)] and from processing of the polyprotein
product of the prtK gene that encodes the proteinase with
Lys-X specificity (Table 2). The PrtK (Kgp) precursor may be
processed in much the same way as the PrtR (PrpR1) precur-
sors are processed (189, 206). Enzymatic cleavage at specific
Arg-X or Lys-X sites within the polyprotein generates a 48-
kDa Lys-X specific protease, a 39-kDa adhesin (corresponding
to the B domain in PrpR1), and two other adhesins of 15 and
44 kDa (Fig. 4). Likewise, processing of PrtR generates a
45-kDa Arg-X-specific proteinase, a 44-kDa adhesin, and 15-,
17-, and 27-kDa adhesins corresponding to the $ and y do-
mains (Fig. 4). The adhesin molecules all exhibit considerable
cross-homology and the 15-kDa proteins are identical (18).
The formation of such a cell surface complex may be the
consequence, at least in part, of the mechanisms involved in
secretion and activation of the proteases. There is good evi-
dence that processing of the PrtK (Kgp) precursor polyprotein
requires Arg-X-specific protease activity, since Lys-X protease
activity is greatly decreased in rgpA rgpB double mutants that
are abrogated in Arg-X-specific protease activity (189). Thus, it
might be expected that the polyproteins encoding both Arg-X-
specific and Lys-X-specific proteolytic activities would be cop-
rocessed. Furthermore, although the monomeric RIA form of
PrpR1 is proteolytically active and Lys-X activity of the 48-kDa
Kgp protein is not dependent upon the adhesin (B and v)
domains for activity (200), there is some evidence that the
adhesin domains are necessary for secretion of the polypro-
teins (190).

Relationship between hemagglutinin and proteinase. His-
torically, the hemagglutinating activities and adherence of P.
gingivalis cells have both been associated with protease activity
(80, 99, 173, 204). Inactivation of a cysteine protease gene in P.
gingivalis 381 had a direct effect on hemagglutinin activity (280)
as well as on the ability of P. gingivalis to bind gram-positive
bacteria, oral epithelial cells, and extracellular matrix proteins
(263). While some of these effects could be the result of a
pleiotropic mutation (as discussed below), the sequences of
proteinase genes reveal a possible molecular basis for the as-
sociation of protease and adhesive activities. It is now evident
that the C-terminal coding regions of the genes encoding the
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FIG. 4. P. gingivalis gene products encoding cysteine proteinase activity and/or containing HagA (hemagglutinin)-related sequences. The HagA (GenBank accession
no. U41807) precursor comprises 2628 aa and contains four contiguous repeat blocks of 440 to 456 aa each, with >98% identical residues (Z). Sequences within the
other proteins shown that are 90% or more identical to the HagA sequence are also indicated by this pattern. All polypeptides carry a putative leader peptide (&) at
the NH, terminus. PrpR1 (accession no. X82680) Arg-X-specific proteinase precursor is proteolytically cleaved at the amino acid residues indicated (arrows) to generate
o and B species, as described by Rangarajan et al. (210). Culture supernatant proteinase activities are associated with three forms designated RI (ap), RIA (), and
RIB (*a), shown below PrpR1 and discussed in the text. Homologous proteins to PrpR1, from a number of different P. gingivalis strains, include PrtR (L26341), Rgp-1
(U15282), RgpA (A55426), Agp (D26470), and CpgR (X85186). The P. gingivalis strains examined all contain a second gene encoding an Arg-X proteinase designated
Rgp-2 (U85038), RgpB (D64081), and PrtRII (AF007124). Rgp-2 consists of a discrete N-terminal catalytic domain without the associated C-terminal adhesin region
(158). Cell surface-associated Arg-X-specific proteinase activity is found as a multimeric complex (18) consisting of five polypeptides derived from cleavage of the
polyprotein (shown below PrtR) and four proteolytic products of the Lys-X-specific proteinase shown below PrtP (U42210), also designated PrtK (U75366) or Kgp
(1,723 aa) (D83258 and U54691). The HagD (hemagglutinin) sequence begins at aa 364 within PrtP. The Tla protein (Y07618) is a putative outer membrane-associated
receptor that, over 795 aa, has 99% identity to the COOH-terminal half of PrtK (PrtP, Kgp). Sequences with 90% or greater identity to HagD are indicated (Z2). The
patterns of regional sequence similarities amongst the various gene products are far more complex than depicted in this figure, which has been simplified for clarity,
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and the reader is referred to reference 13 for a detailed comparison of sequence identities between HagA, Rgp-1, and PrtP.

RgpA family of cysteine proteinases (equivalent to the 8 and y
regions within PrpR1) encode extensive amino acid blocks that
have up to 90% identity to sequences that are also found within
the hagA, hagD and hagE genes encoding hemagglutinins (13)
(Fig. 4). For example, Rgpl, Agp, PrpR1, and PrtR Arg-X-
specific proteinases each contain a 522-aa residue region with
93% identical residues to HagA (89). This region carries a
hemoglobin receptor domain (171), localized within the 15-
kDa segment of PrtR and PrtP, as shown in Fig. 4. It has not
yet been determined if these protease-associated sequences
are functional hemagglutinins, in addition to the hemaggluti-
nating activities that have been assigned to HagA, HagB, and
HagC. Moreover, it now appears that hagD specifically com-
prises the sequence encoding the C-terminal region of the
Lys-X proteinase, encoded by a single gene in P. gingivalis and
variously designated prtK, kpg, and prtP (38) (Fig. 4). As dis-
cussed above, the Lys-X proteinase is proposed to be gener-
ated by processing of a polyprotein (PrtP is 1,732 aa long) into
an active protease (comprising aa 229 to 738 of PrtP) and
C-terminally derived hemagglutinin sequences. However, it is
not firmly established that posttranslational modifications of
the polyproteins account exclusively for the various forms of
proteinase and hemagglutinins identified. It is formally possi-
ble that translational initiation occurs internally in the primary
mRNA transcripts, effectively generating an additional level of
control over hemagglutinin production.

hagA-like sequences have now been found within at least five
separate genetic loci in P. gingivalis. As well as being a com-
ponent of the Arg-X (RgpA family) and Lys-X proteinase gene
sequences, the HagA sequence is present within Tla (1,097 aa)
(Fig. 4), an outer membrane-associated polypeptide thought to
be involved in hemin recognition (3), as discussed above.
Given that there are estimated to be in excess of 20 sites within
the P. gingivalis chromosome that hybridize with a hagA4 repeat
probe (13), it would be prudent to suggest that the genetic
complexity of the protease/hemagglutinin system has been un-
derestimated. The acquisition of a conserved sequence encod-
ing a surface protein at multiple genomic sites has been char-
acteristically associated with evasion, subversion, or deflection
of host immune defenses in a number of pathogens.

The proteinase gene designated prtH was cloned and se-
quenced from strain W83 (60), and although prtH contained
regions of considerable homology to the other Arg-X protein-
ase genes rgp-1, prpR1, prtR, and agp, there was some question
whether it was a true homolog of these. The product of prtH,
a 97-kDa proteinase found in membrane vesicles and with
complement C3-degrading activity, contains a region of 270 aa
with 95% homology to the hagA gene product (89), and it now
appears that prtH is indeed homologous to rgp-1, etc. (140).

Other nonrelated proteinases. Three additional genes (prt7,
prtC, and fpr) encoding proteases have been cloned and se-
quenced from P. gingivalis. These genes are clearly distin-
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guished from the previous protease genes, and they do not
contain sequence homologies to hagA. Nevertheless, prtT
(from strain ATCC 53977) does possess a C-terminal coding
region for hemagglutinin activity (194) that is distinct from the
hagA, hagB, hagC, and hagD sequences. The prtT gene is tran-
scribed as a 3.3-kb mRNA (147) and encodes a protein of
approximately 99 kDa. This polypeptide contains 31% identi-
cal residues (over 401 aa within the N-terminal region) to
streptococcal pyrogenic exotoxin B, which is itself related to
streptococcal cysteine proteinase (streptopain). The prtT gene
is immediately downstream of prtC, which encodes a putative
collagenase comprising 417 aa (115). It is not known how this
relates, if at all, to the reports of 55-kDa (16, 124) and 44-kDa
(110) collagenolytic activities isolated from P. gingivalis. Fur-
thermore, sequences with significant amino acid identities (up
to 55%) to PrtC are found within the inferred amino acid
sequences of putative proteins from a range of bacteria includ-
ing Methanobacterium, Methanococcus, Bacillus subtilis, H. in-
fluenzae, and E. coli. Lastly, the tpr gene, which appears to be
present as a single copy in strains W83, W50, and ATCC 33277
(198, 199), is expressed as a 1.7-kb mRNA (197). The gene
encodes a thiol-dependent, papain-related, protease with a
molecular mass of approximately 55 kDa that has no significant
sequence homology to any of the other proteases (20). Evi-
dence suggests that this proteinase, although not acting on
native collagen, may be involved in the later stages of collagen
degradation, since it is active in hydrolyzing gelatin and the
bacterial collagenase substrate Pz-peptide (197). Another Pz-
peptidase has been isolated from P. gingivalis ATCC 33277
(254) and may be distinct from Tpr, based on N-terminal
amino acid sequence information.

Concerted activities. To recapitulate, P. gingivalis contains
two homologous genes encoding Arg-X-specific proteinases,
one gene encoding a Lys-X specific proteinase (Table 2), and
three genes encoding a putative collagenase (PrtC), a strep-
topain-related protease (PrtT), and a Pz-peptidase (Tpr). The
activity of these cloned gene products accounts for most of the
wide variety of substrates degraded by P. gingivalis (Table 1).
However, because the enzyme activities derived from a single
gene product are present as several molecular species and are
complexed with the products of both homologous genes and
heterologous genes, it has been immensely difficult if not im-
possible to ascertain unequivocally the substrate specificities of
individual proteinases “purified” from P. gingivalis (50). For
example, a protease activity purified from spent culture me-
dium of P. gingivalis was shown to run as a single 55-kDa band
upon gel electrophoresis and was found to hydrolyze collagens
type I, III, IV, and V, complement factor C3, fibrinogen, fi-
bronectin, a,-antitrypsin, a,-macroglobulin, apotransferrin,
and human serum albumin (16). Likewise, the 44-kDa Rgp
proteinase purified from P. gingivalis culture fluid was shown to
degrade collagens type I and IV and immunoglobulin G (110).
However, it is reported that the purified recombinant gingi-
pains (RgpA, RgpB, and Kgp) do not degrade native collagen
(205), and so a broad range of substrates degraded by an
apparently single enzyme species from P. gingivalis culture fluid
may in fact be due to the combined activities of two or more
copurified enzyme species. Binding studies with the Arg-X-
and Lys-X-specific proteinases Rgp and Kgp, respectively,
show that they both bind to and degrade fibrinogen, fibronec-
tin, and laminin (204) and that purified PrtP hydrolyses fibrin-
ogen (38). The combined effects of these activities, in conjunc-
tion with the ability of P. gingivalis proteases to activate MMPs
(51), would therefore lead to extensive host tissue disruption.
In addition, evidence suggests that Arg-X proteinases activate
the kallikrein/kinin and complement pathways, disrupt poly-
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morphonuclear leukocyte (PMN) functions (107, 170), inacti-
vate tumor necrosis factor alpha (TNF-a) (30), and modify
neutrophil elastase (1). These activities, together with the ev-
idence that Kgp (Lys-X) proteinase is not inhibited by plasma
a,-macroglobulin (82), suggest that P. gingivalis proteinases
are major virulence factors in the development of periodontal
disease (265).

Role in virulence. Biochemical and genetic evidence points
to an essential but highly complex role for proteinases in P.
gingivalis metabolism and virulence. While molecular genetics
has demonstrated that P. gingivalis cells express multiple pro-
teinases, the relative roles that these enzymes play in adhesion,
nutrition, and virulence are hard to determine because these
processes are all proteolytically interrelated and interdepen-
dent. A current molecular picture of the P. gingivalis cell
surface would include major macromolecular complexes of
adhesins (hemagglutinins), proteinases, outer membrane-asso-
ciated protein receptors, and LPS. The complexing of adhesin
domains and proteinases might increase the repertoire of tar-
gets for the proteinases. At the same time, the hemagglutinin
sequences are highly antigenic and might act to shield essential
proteolytic functions from the host immune system. Given this
potential complexity of proteinase-associated phenotypes and
the number of distinct proteinase genes identified, it is perhaps
not surprising that the analysis of gene knockout mutants has
in the main simply confirmed that proteinases impinge on
multiple metabolic and virulence-related processes. A novel
erythromycin resistance determinant cassette, developed to in-
sertionally inactivate the prtH gene in P. gingivalis W83, re-
sulted in a strain deficient in Arg-X proteinase activity, with
decreased virulence in a mouse model of infection (61). In
addition, the isogenic mutant was less able to degrade comple-
ment factor C3, and opsonized mutant cells were taken up in
much larger numbers by human PMN than were wild-type cells
(226). In separate experiments, a double-knockout 7gpA rgpB
mutant of P. gingivalis ATCC 33277 that was abrogated in
Arg-X proteinase activity showed much less inhibition of leu-
kocyte bactericidal function than did the wild-type strain, as
well as having markedly reduced hemagglutinin activity (170).
Another isogenic mutant with a mutation in the rgp-1 (Arg-X)
protease gene of strain 381 exhibited decreased binding to
epithelial cells, gram-positive bacteria, extracellular matrix
proteins, and type 1 collagen (263). These experiments all
confirm the notion that proteinases are obligatory for P. gin-
givalis growth and survival in the host. However, since it has
been shown that Arg-X-specific proteinase mutants are also
deficient in Lys-X-specific proteinase activity, the data do not
point to a specific role that any one proteinase might play in
pathogenesis. This information will be important if inhibition
of proteinase function is to be pursued as a viable method of
controlling the growth of and tissue destruction by periodontal
pathogens such as P. gingivalis.

Proteinases and fimbriae. A further complicating factor in
the study of proteinase function in P. gingivalis is the discovery
that the production and activity of the major fimbriae are
modulated by proteolytic activity. This control appears to oc-
cur on at least three levels: posttranslational modification,
transcriptional modulation, and substrate activation. The work
of Onoe et al. (193) suggested a role for trypsin-like proteases
in the processing of the leader peptide from the fimbrillin
precursor. The subsequent observations of Nakayama et al.
(172) that the ATCC 33277 rgpA rgpB double-mutant cells
possessed very few fimbriae on their surface compared with
rgpA or rgpB single-mutant or wild-type cells demonstrated
that fimbrial production required the expression of Arg-X
and/or Lys-X-specific proteinases. These data suggest that pro-
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teinase activity was necessary for processing and maturation of
fimbrillin, in addition to its role in modifying other cell surface-
associated proteins. Control at the transcriptional level is in-
ferred from the finding that inactivation of the rgp-1 (Arg-X
proteinase) gene in P. gingivalis 381 resulted in reduced pro-
duction of the 43-kDa fimbrillin subunit as well as reduced
transcription of fimA (263). Since fimbriae are implicated in a
large number of adhesive interactions of P. gingivalis (see
above), most notably binding to host and bacterial cells, it
would not be possible through simply generating proteinase
gene knockout mutants to delineate precisely which adhesive
functions are related directly to protease/hemagglutinin activ-
ity and which are the result of secondary effects on fimbriation.
The third control level, substrate activation, is facilitated by the
ability of P. gingivalis to bind to and degrade (perhaps progres-
sively) human plasma fibronectin, along with other host pro-
teins such as laminin, fibrinogen, and collagen. Both the fim-
briae and the Arg-X-specific (204) and Lys-X-specific (134)
proteinases are associated with these binding and degradative
processes. Hydrolysis of fibronectin or other matrix proteins
such as collagen by P. gingivalis Arg-X proteinase enhances the
binding of fimbriae to these substrates (124). Specifically, it
seems that the Arg-X proteinase is able to expose sequences,
within host matrix protein molecules, that carry C-terminal
Arg residues, thus promoting adhesion of the organism
through a fimbria-Arg interaction (123). Proteolytic exposure
of cryptic binding domains on host molecules and potentially
on epithelial cells and other bacteria (35, 97, 124, 130) could
involve host-derived as well as bacterial enzymes. It has been
conjectured (35, 97) that this may represent one mechanism by
which initial gingivitis progresses to more severe periodontitis.
A buildup of plaque bacteria in the gingival sulcus may irritate
the tissues and cause increased proteolytic activity in the gin-
gival milieu. The resulting exposure of previously hidden re-
ceptors would then enhance colonization by P. gingivalis. Sub-
sequently, P. gingivalis proteases themselves could contribute
to further exposure of adherence receptors.

P. gingivalis cells are geared to an asaccharolytic life-style,
and this underpins the intimate relationships that have evolved
between fimbriation, adhesion, hemagglutination, and protein-
ase activities, in particular centered around the recognition of
arginine and lysine. Since these bacterial proteinases have un-
usual primary sequences, they are attractive targets for the
development of novel and specific inhibitors. Critical to the
development of new inhibitory compounds will be an under-
standing of the controls operating on proteinase gene expres-
sion and proteinase production in vivo. Evidence exists that
proteinase production might be transcriptionally regulated in
response to environmental conditions such as availability of
hemin and nutrients (3, 27, 72, 197). Trp proteinase produc-
tion, for example, is enhanced in less nutritious growth me-
dium (197). This raises the possibility that there are as yet
undiscovered P. gingivalis proteolytic activities that are ex-
pressed poorly, if at all, under conventional culture conditions
and might be expressed only under in vivo environmental con-
ditions.

Nonproteolytic, Potentially Destructive Compounds

In addition to proteolytic activity, P. gingivalis can degrade
the glycosaminoglycans hyaluronate, chondroitin sulfate, and
heparin (98). The repertoire of enzymes and metabolites that
could be detrimental to the host also includes phospholipase
A, which can provide the prostaglandin precursors that could
stimulate prostaglandin-mediated bone resorption (29, 75); al-
kaline and acid phosphatases, which may contribute to alveolar
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bone breakdown (65, 242); DNase and RNase (217); sialidase
(98); volatile sulfur compounds such as hydrogen sulfide,
methylmercaptan, and dimethyl disulfide, which are cytotoxic
and can inhibit protein synthesis (243, 264); butyrate and pro-
pionate, which are cytotoxic for epithelial cells, fibroblasts, and
lymphocytes (125, 238, 243); and indole and ammonia, which
also exhibit cytotoxicity (243, 270).

Impact on Bone Metabolism

By a variety of intricate and interconnected mechanisms, P.
gingivalis can contribute to alveolar bone loss by stimulating
bone resorption, inducing bone destruction, and inhibiting
bone formation (98, 144). P. gingivalis LPS can activate oste-
oclasts directly and causes the release of prostaglandin E, and
of the cytokines IL-18 and TNF-a from macrophages, mono-
cytes, and fibroblasts (28, 142, 214, 239, 276, 278). These com-
pounds are potent local mediators of bone resorption and,
moreover, can inhibit collagen synthesis by osteoblasts and
induce the production of host metalloproteases that destroy
connective tissue and bone (94, 98). In addition to LPS, other
cellular constituents may be involved in bone loss. Heat-stable
polysaccharide antigens can stimulate the release of IL-1B
from monocytes (168), and saline-extracted proteins can stim-
ulate bone resorption in in vitro models (275). The identities of
some of the active P. gingivalis proteins have been revealed. A
24-kDa outer membrane protein has bone-resorptive and -de-
structive activity in vitro (157), while an outer membrane pro-
tein of 75 kDa and a 12-kDa lectin-like protein can stimulate
macrophages to secrete IL-1B (221, 272). P. gingivalis fimbriae
(fimA gene product) stimulate bone resorption in vitro (116),
probably by inducing the expression and production of IL-1B
and TNF-a from monocytes, macrophages, and gingival fibro-
blasts (90, 92, 181, 187) and by stimulating the expression of
IL-1B and granulocyte-macrophage colony-stimulating factor
in bone cells themselves (116). The amino acid sequence
LTxxLTxxN, which occurs within fimbrillin aa 61 to 80 and 171
to 185 (Fig. 2), appears to be involved in cytokine stimulation
in monocytes (187). Within this domain, the xLTxx sequence
may be the minimum essential unit (184). Fimbrial binding,
and subsequent stimulation of cytokines and bone resorption
can be inhibited by N-acetyl-D-galactosamine (161) or by in-
teraction with fibronectin through the heparin binding and cell
attachment domains in the fibronectin structure (117). Fi-
bronectin domains and other receptor analogs therefore have
the potential to act as antagonists to neutralize fimbria-medi-
ated bone resorption. The intracellular signalling events that
are the target of fimbriae appear to involve eucaryotic cell
kinase activity. Tyrosine phosphorylation of several proteins in
osteoclasts and macrophages is induced by fimbriae, and inhi-
bition of tyrosine kinase prevents cytokine stimulation and
fimbria-mediated bone resorption in vitro (91, 221). The 12-
kDa lectin-like surface component also acts via activation of
tyrosine kinases within macrophages (222).

The list of P. gingivalis components and products with the
capability of compromising tissue integrity is long. Undoubt-
edly, many of these activities, alone or in combination, are
important in vivo. Definitive evidence, however, about the ones
that are operational in the disease process is, unfortunately,
still lacking.

ENCOUNTER WITH HOST DEFENSE MECHANISMS

Bacterial colonizers of the periodontal pocket will encounter
the cells and extracellular effector molecules of the host im-
mune system. Bacterial modulation of host immune processes
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is an important determinant in their long-term survival and
pathogenic potential. Both innate and acquired defense mech-
anisms are operational in the periodontal pocket. The relative
contributions of each component, both to protection and to
possible immune system-mediated tissue destruction, have not
been precisely delineated.

Of the various immune mechanisms in the periodontal
pocket, PMNs appear to play a major role in controlling the
overgrowth of periodontal bacteria (49). P. gingivalis impinges
on almost all aspects of PMN recruitment and activity. Al-
though there are numerous phenomenological reports of the
organism adversely affecting PMNs, this section will concen-
trate on processes for which functionality has been associated
with specific molecules. Neutrophil chemotaxis is inhibited by
low-molecular-weight fatty acids, such as succinic acid, that are
produced by the organism (19, 216). Succinate may act by
reducing the intracellular pH of neutrophils (216). P. gingivalis
can also immobilize PMN responses to chemotactic peptides
by depolarizing PMN membranes (176). This activity is asso-
ciated with an outer membrane protein of 31.5 kDa, which may
be a porin. Novak and Cohen (176) proposed that depolariza-
tion could be caused by translocation of this porin into the
PMN membrane, thus producing an ion channel that the PMN
would be unable to regulate. Package of the porin in extracel-
lular vesicles could then be a means by which P. gingivalis could
act at remote sites to inhibit PMN influx in the periodontal
pocket.

As is frequently the case with investigation of bacterial in-
teractions with the host innate immune response, different
bacterial components can demonstrate diametrically opposing
affects. In the case of P. gingivalis, LPS strongly activates com-
plement, generating the chemotactic product C5a. However,
the activity of cell-associated LPS may be tempered by capsular
polysaccharide that can physically mask LPS on the cell surface
(228). The major fimbriae induce the expression of neutrophil
chemotactic factor KC in macrophages (93). Upregulation of
KC gene expression appears to be mediated via protein kinase
C-dependent phosphorylation of a 68-kDa protein (pp68) in
the macrophages (160). Protein kinase C also mediates LPS-
engendered production of IL-1, TNF-qa, and nitric oxide from
macrophages (235). Both LPS and fimbriae are directly che-
motactic for monocytes (180, 182). The fimbrial consensus
sequence LTxxLTxxN (also involved in cytokine stimulation
[see above and Fig. 2]) is involved in binding to monocytes and
in the induction of migration-stimulating activity (180, 182).

In addition to direct effects on the professional phagocytes,
P. gingivalis and its components can induce the expression of a
variety of cytokines and chemokines (as introduced above).
The cytokine response of PMNs, monocytes/macrophages, fi-
broblasts, and epithelial cells is summarized in Table 3. In-
creases in the levels of proinflammatory cytokines such as
IL-1B, TNF-a, IL-6, and IL-8 are likely to not only promote
inflammation but also stimulate bone and tissue destruction in
the periodontal area. However, there is more than one facet to
the nature of P. gingivalis-cytokine interactions. P. gingivalis
can induce anti-inflammatory cytokines, degrade existing cyto-
kines, and antagonize IL-8 production by epithelial cells (47,
62, 276, 281). In addition, P. gingivalis LPS does not stimulate
E-selectin expression in endothelial cell layers and can inhibit
E-selectin expression by LPS from other periodontal bacteria
(48). Moreover, P. gingivalis LPS appears to be a poor (com-
pared with E. coli LPS) activator of monocyte production of
IL-1B and TNF-a (185, 186), cytokines that are indirect acti-
vators of selectin expression in humans. Again, P. gingivalis
LPS is able to antagonize the stimulatory action of LPS from
other bacteria (185). Since E-selectin is required for neutrophil
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TABLE 3. Cytokine induction by P. gingivalis and
its cellular constituents”

Pro- or anti-
Inducer Cellgs) of Cytokine inflammatory
origin action”
P. gingivalis LPS Fibroblasts IL-1a +
IL-1B +
IL-6 +
IL-8 +
MCP-1 +
Monocytes/ IL-1B +
macrophages
TNF-a +
IL-1ra“ -
IL-6 +
IL-8 +
GM-CSF¢ +
IFN-y +
PMNs TNFa +
IL-8 +
IL-1ra -
P. gingivalis lipid Fibroblasts IL-6 +
A-associated proteins
P. gingivalis fimbriae Fibroblasts IL-1B +
Monocytes/ IL-1a +
macrophages
IL-1B +
TNF-a +
IL-6 +
IL-8 +
KC® +
Calvarial IL-1B8 +
bone cells
GM-CSF +
PMNs IL-6 +
T cells IL-2 +
IL-4 -
TNF-a +
IFN-v¢ +
P. gingivalis 75-kDa Monocytes/ IL-1 +
surface protein macrophages
P. gingivalis 12-kDa Monocytes/ IL-1B +
antigen macrophages
P. gingivalis PS Monocytes/ IL-1B +
macrophages
P. gingivalis whole cells ~ PMNs IL-8 +
MCP-1 +

“ Compiled from references 90, 92, 93, 116, 142, 168, 181, 184, 186, 187, 221,
239, 272, 275, 276, 278, and 281.

> +, proinflammatory action; —, anti-inflammatory action.

¢ IL-1ra, IL-1 receptor antagonist; GM-CSF, granulocyte-macrophage colony-
stimulating factor; KC, neutrophil chemoaltractant killer cells; IFN-y, gamma
interferon.

adhesion and subsequent diapedesis, a reduction in expression
would tend to decrease the local inflammatory response. Con-
sistent with this stealth-like role for the organism, Reife et al.
(211) found that in a mouse model of early inflammation, P.
gingivalis LPS, in contrast to E. coli LPS, was a poor inducer of
the chemokines monocyte chemoattractant protein 1 (MCP-1)
and fibroblast-induced cytokine and of E- and P-selectins.
Assessment of the role of P. gingivalis in cytokine induction
and suppression is complicated by the lack of consistency
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among the results of in vitro studies. These discrepancies can
be partially explained by differences in assay conditions related
to factors such as inclusion of human serum (as a source of
LPS binding protein [LPB] and soluble CD14), concentration
and purity of the test bacterial molecules, source and activation
state of the test host cells, and P. gingivalis strain variability (46,
213, 236). Nonetheless, it would appear that a somewhat par-
adoxical situation exists for P. gingivalis, in that the organism is
capable of both activating and suppressing components of the
host innate immune response. The question then arises as to
real interactive nature of the organism—an overt aggressive
invader or a covert stealth raider. Both of these personas may
be true, depending on the circumstances. It could be postu-
lated that in the early stages of infection P. gingivalis inhibits
the host response to both itself and other bacteria in the peri-
odontal pocket. This would facilitate overgrowth of previously
constrained subgingival bacteria, which may contribute to dis-
ease (49). Furthermore, a delay in PMN recruitment from the
vasculature could cause premature release of lytic enzymes and
contribute to tissue destruction (268). Increasing evidence is
implicating LPS as a mediator of initial arrest of the host
defense. P. gingivalis LPS differs from E. coli LPS by, among
other things, being Schwartzman negative; lacking heptose,
2-keto-3-deoxyoctulosonic acid, and 3-hydroxymyristic acid;
and exhibiting a unique pattern of fatty acid acylations and
monophosphorylation (69, 186). Possibly due to these struc-
tural differences, P. gingivalis LPS binds poorly to LPB and
consequently is poorly transferred to soluble CD14 (42). Fur-
thermore, although site-specific mutagenesis has revealed that
CD14 aa E47 is associated with P. gingivalis LPS binding (237),
the specificity of ligand recognition appears to occur down-
stream of CD14 binding (41). Since CD14 serves as a pattern
recognition molecule that orchestrates activation pathways in
myeloid and nonmyeloid cells involved in innate host defense,
P. gingivalis interactions with a number of aspects of CD14-
dependent defense systems may result in tolerance to the pres-
ence of the organism. Additionally, penetration of the gingival
tissues by released LPS or LPS-containing outer membrane
vesicles will allow immune system-modulating “action at a dis-
tance.” Outer membrane vesicles will also saturate antibodies
before they can reach the bacterial cells. Nonetheless, host
PMNs and other defense mechanisms do eventually become
mobilized, as evidenced by the pyogenic nature of most peri-
odontal diseases. The overgrowth of subgingival plaque bacte-
ria, or of P. gingivalis itself, that ensues after initial immune
suppression may trigger reactivation of the immune response.
Alternatively or concomitantly, the encounter with different
host cells as the infection progresses may result in a more
vigorous immune response.

Even after the host immune response has been mobilized, P.
gingivalis is recalcitrant to elimination by the immune system.
Proteolytic enzymes have a role to play here, as with most
aspects of P. gingivalis infection. Proteinases can degrade com-
plement components, cytokines, antibodies, as well as PMN
receptors for antibodies, complement, and the FMLP receptor
protein (62, 107, 127, 266). In addition, proteolytic activation
of C3 in the serum (by a process that mimics the activity of
complement factor D) prevents C3 accumulation on the cell
surface (225). Another important factor is the presence of
polysaccharide capsular material on most strains of P. gingiva-
lis, in either an amorphous or a fibrous layer (153, 227, 245).
This polysaccharide can impart resistance to phagocytosis (45,
257). The composition of the polysaccharide varies among
strains but usually contains a high proportion of amino sugars
along with glucose and/or galactose (227). The hydrophilic and
anionic properties of the polysaccharide contribute to a de-

MICROBIOL. MOL. BIOL. REV.

crease both in adherence to neutrophils and in deposition of
complement components (227). The end products of metabo-
lism may also affect the immune responses. Butyric acid, a
volatile fatty acid produced by P. gingivalis, can induce B- and
T-cell death through apoptosis (125, 126). Penetration of the
periodontal tissue by butyric acid could thus suppress immune
system function. Apoptosis of T and B cells has also been
recorded in vivo following administration of P. gingivalis LPS
(103). Within professional phagocytes, the production of su-
peroxide dismutase (SOD) may protect the organisms from
oxygen-dependent killing. P. gingivalis elaborates a single SOD
of 21.5 kDa (10, 11). Amino acid and nucleotide sequencing
indicate that the P. gingivalis enzyme belongs to the cambial-
istic class of SODs, showing activity with either Mn?>* or Fe?"
incorporated into the same active site (11, 169). The sod gene
is downstream of the prtC (collagenase) gene in P. gingivalis
(36), raising the possibility of coordinate regulation of these
potential virulence factors. Protection from oxidative damage
may also be provided by surface accumulations of hemin,
which will form p-oxo dimers in the presence of reactive oxy-
gen compounds (250).

It is also pertinent that P. gingivalis does not exist as a
monoculture or exclusively as planktonic cells in the periodon-
tal pocket. The organism is a constituent of a complex biofilm
and, in this context, may be phenotypically distinct from labo-
ratory-grown cultures. The ability of P. gingivalis to adhere to
other oral bacteria could also have implications for resistance
to phagocytosis, since ingestion of several aggregated bacteria
may be less efficient than ingestion of single cells. Another
consideration is that P. gingivalis may be sequestered from the
immune response by internalizing within epithelial cells, as
noted above.

REGULATION OF GENE EXPRESSION

Bacteria in the environment are subject to continually
changing conditions. In the subgingival area, bacteria experi-
ence dramatic environmental changes as a consequence of host
eating and oral hygiene patterns, gingival crevicular flow rate
variability, and degree of bleeding. In response to these kinds
of dynamic processes, bacteria often regulate gene expression
to maintain optimal phenotypic properties. Expression of vir-
ulence factors in a wide range of bacteria is tightly regulated in
response to environmental cues (155). Although the study of
gene regulation in P. gingivalis is in its infancy, it is likely that
an organism with such fastidious requirements with regard to
oxygen and iron availability will regulate gene expression ac-
cordingly.

The temperature in the subgingival region can vary in rela-
tion to tooth location and level of inflammation (59, 84-86). In
general, subgingival temperatures vary from around 34 to 37°C
at healthy sites to around 39°C in inflamed periodontal pock-
ets. By using a fimA promoter-lacZ reporter chromosomal
fusion, Xie et al. (277) found that expression of the P. gingivalis
fimA gene decreased about 10-fold as the temperature in-
creased from 34 to 39°C. Thus, P. gingivalis appears to down-
regulate fimbrial expression in response to conditions that de-
velop as disease progresses. It can be hypothesized, therefore,
that fimbriae are more important for the organism during the
early stages of infection, facilitating adherence and invasion of
epithelial cells. Subsequently, fimbrial production is repressed
to reduce the expression of undesirable fimbrial properties
such as chemotaxis, chemokine induction, and immunogenic-
ity. A reduction in fimbrial expression may not even adversely
affect preestablished adherence, since P. gingivalis possesses a
variety of nonfimbrial adhesins that may be operational after
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the initial fimbria-mediated adherence. Elevated temperatures
also influence the levels of SOD. In contrast to the situation
with fimbriae, an increase in SOD mRNA levels at 39°C has
been reported (8). Since host PMN mobilization will be con-
temporaneous with an increase in subgingival temperature,
elevated SOD activity may be beneficial for the organisms in
resisting PMN intracellular killing. Whether fimA and sod form
part of a regulon remains to be determined. The presence of a
GroEL-like stress-related protein in P. gingivalis (149, 271),
however, indicates, by analogy to other bacteria, that coordi-
nate control of gene expression in response to heat or other
environmental stresses may occur. In E. coli, for example, the
induction of stress proteins by heat shock is under the control
of two alternate sigma factors, 0>* and oF (285). In P. gingi-
valis, the groESL operon itself appears to be regulated at the
transcriptional level through a o>2like consensus sequence
and by a CIRCE (controlling inverted repeat of chaperone
expression) (100).

Genetic regulation mediated by the iron concentration is
well documented in a variety of gram-negative bacteria (143).
As described above, acquisition of hemin by P. gingivalis is
important for survival;, however, little information is available
on the role that hemin/iron may play in gene regulation. Cer-
tainly, the presence or absence of hemin affects the expression
of outer membrane proteins. Furthermore, LPS from P. gingi-
valis grown under hemin-limited conditions has a reduced ca-
pacity for neutrophil priming (32). Growth in hemin-replete
media, conversely, results in the expression of a 26-kDa LPS-
associated moiety that is associated with hemin binding (44).
By using an in vivo mouse model, McKee et al. (154) found
that P. gingivalis cells grown under hemin excess were more
virulent than organisms grown under hemin limitation. Hemin-
limited (relatively avirulent) cells possessed few fimbriae per
cell but produced large numbers of extracellular vesicles. In
accord with these studies, production of trypsin-like protein-
ases has been shown to increase upon culture in hemin-rich
media (31, 246). More recently, reverse transcription-PCR
analysis of mRNA has demonstrated that the steady-state lev-
els of the hemagglutinin genes hagB and hagC decrease under
hemin limitation (138). Data such as these have led to the
proposal (31, 154) that the arrival of hemin (in the form of
erythrocytes) as a result of inflammation converts previously
benign P. gingivalis to a virulent phenotype as a result of he-
min-controlled coordinate regulation of virulence genes. Not
all studies, however, support this attractive hypothesis. En-
hanced virulence and expression of virulence factors such as
hemolysins and proteinases under conditions of hemin limita-
tion has been reported (27, 72, 267). These results tend to
suggest that P. gingivalis is initially more proactive in inducing
conditions of hemin excess, which then switch the organism to
a less virulent phenotype, possibly avoiding host defense mech-
anisms. More complete genetic analyses may help clarify the
situation. In this respect, Xie et al. (277) investigated the tran-
scriptional activity of the fimA gene and reported that hemin
limitation downregulated promoter activity by about 50%, im-
plying that colonization of areas with low hemin levels may be
disfavored. Genco et al. (72) reported that a transposon
Tn4351 mutant of P. gingivalis that was impaired in hemin
uptake had increased hemolytic, hemagglutinating, and tryp-
sin-like protease activities. Additionally, compared with the
parent strain, this mutant was more pathogenic in a mouse
subcutaneous chamber model. Elucidation of the genetic reg-
ulatory system that responds to the hemin concentration and to
other environmental cues, such as cell density and serum and
saliva components that the organism may be able to sense
(277), promises to be an important area for future study. The
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recent development of an in vivo expression technology vector
for P. gingivalis (137) should prove extremely useful in this
regard.

SYSTEMIC MANIFESTATIONS OF
P. GINGIVALIS INFECTION

At first glance, it seems that infections caused by P. gingivalis
are exquisitely site specific. It now appears, however, that peri-
odontal diseases might be associated with an increased inci-
dence of preterm delivery of low-birth-weight infants and with
cardiovascular disease (15, 178). Local persistent infections
could exert systemic manifestations in a number of ways. For
example, the release of antigens or the modulation of systemic
cytokine levels could predispose to infection at remote sites. P.
gingivalis LPS, which can be released from the cell in mem-
brane vesicles and could impinge upon the cytokine network, is
therefore a potential effector molecule. Indeed, intravenous
exposure to P. gingivalis LPS in pregnant hamsters produces
significant fetal morbidity and mortality (39). The ability of P.
gingivalis molecules to induce apoptosis and modulate eucary-
otic cell-signaling pathways may also have a bearing on sys-
temic disease. Improved understanding of the interaction be-
tween periodontal bacteria and host cells at the molecular and
cellular level, may therefore ultimately have relevance to the
overall well-being of the host.
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