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ABSTRACT
Porphyromonas gingivalis plays a major role in mixed bacterial infections of the

periodontium. The objective of the study was to clone genes encoding, and characterize cell
surface components of P. gingivalis as potential virulence factors of this organism. A
P. gingivalis ATCC 33277 genomic library was generated. Clones were screened by biological

assays for haemagglutination and proteolytic activity, and by a colony immunoassay using
antiserum raised to P. gingivalis whole cells. The recombinant clones Escherichia coli BA1 and
E. coli BA3 were identified and chosen for further study.
E. coli BA1 exhibited enhanced haemagglutinating activity compared to an E. coli

JM83/pUC18 control strain. The increase in haemagglutinating activity was believed to be due
to the presence of a recombinant P. gingivalis haemagglutinin molecule. Recombinant protein
was not detected in E. coli BA1 samples, however transfer of the cloned DNA fragment into a
high-level expression system resulted in the identification of two recombinant proteins of 24 and
33 kDa. Immunological studies failed to show evidence of a relationship between the
recombinant proteins and P. gingivalis. The cloned proteins did not exhibit haemagglutinating
activity. The recombinant proteins and antibodies raised to the recombinant proteins did not
inhibit P. gingivalis haemagglutinating activity. The NH2-terminal amino acid sequences for the
24 and 33 kDa cloned proteins were determined. A protein database search did not reveal any
marked similarity between the recombinant proteins and other listed protein sequences. As
attempts to characterize the cloned proteins did not indicate a clear association with
P. gingivalis, clone E. coli BA1 was not studied further. The basis of the enhanced

haemagglutinating activity shown by BA1 remains undetermined.
Clone E. coli BA3 highly expressed a 48 kDa cloned protein (designated rPgAg1) which was
strongly reactive with antiserum raised to P. gingivalis whole cells. The cell surface location of
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the native PgAg1 molecule was demonstrated by immunogold labelling of intact P. gingivalis
cells using antibodies raised to the recombinant protein (arPgAg1).
The recombinant protein was purified to homogeneity, and the native PgAg1 protein partially
purified from P. gingivalis. The NH2-terminal amino acid sequence was determined for the
recombinant and native proteins. This was identical to the NH2-terminal amino acid sequence
reported for a 47 kDa immunodominant antigen of P. gingivalis. Immunological studies using
periodontal case-control sera indicated that the 47 kDa molecule was a surface-associated
antigen which invokes a strong immunological response in the host.
The nucleotide sequence of the pgagl gene was determined. A database search using the
deduced amino acid sequence revealed the PgAg1 protein to be highly homologous to
glutamate dehydrogenases isolated from various sources. Analysis of purified recombinant
protein and partially purified native protein demonstrated that PgAg1 did function as a NADdependent glutamate dehydrogenase enzyme.
A PgAg1-deficient isogenic mutant of P. gingivalis was generated by homologous
recombination between a suicide vector carrying a deletion-disrupted allele of pgagl and
P. gingivalis chromosomal DNA. The mutant strain (P. gingivalis E51) lacked NAD-dependent

glutamate dehydrogenase activity, did not surface-label in an immunogold labelling assay using
arPgAg 1 antibodies, and exhibited a longer generation time than the wild-type strain.
This study has identified and characterized a cell surface component (designated PgAg1) of
P. gingivalis which has the capacity to function as an NAD-dependent glutamate

dehydrogenase enzyme. A mutant P. gingivalis strain deficient in PgAg1 grew poorly in
comparison to the wild-type strain. This indicates that PgAg1 does play a significant role in the
growth of this organism.
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INTRODUCTION
1. • PORPHYROMONAS GINGIVALIS
1.1 Periodontal disease
The tissues that surround and support the teeth are collectively known as the periodontium.
Anatomically, the periodontium comprises the gingiva, periodontal ligament, cementum, and
alveolar bone (Figure 1A). Periodontal disease, in the broadest sense of the term, refers to all
pathological conditions of the periodontium. This oral disease can stem from a variety of factors
such as an accumulation of bacteria (plaque), occlusal trauma, hormonal changes, and
leukocyte dysfunctions. Virtually all forms of periodontal disease are inflammatory infections
that appear to be initiated by bacterial plaque. The general term "periodontal disease" is
therefore often used narrowly, in reference to only plaque-induced inflammatory infections of the
periodontium; that is, plaque-associated gingivitis and periodontitis. Use of the term
"periodontal disease" in this dissertation will refer only to those pathological conditions which
are induced by plaque.
Gingivitis is an inflammatory response of the gingiva without destruction of the supporting
tissue around the tooth. Periodontitis encompasses a group of inflammatory diseases whereby
there is extensive destruction of periodontal connective tissue, specifically periodontal ligament
fibres and alveolar bone. Loss of connective tissue attachment around the tooth results in the
formation of a periodontal pocket (Figure 1 B). While it was initially believed that gingivitis is a
precursor to periodontitis, some individuals may develop periodontitis without clinical evidence
of gross gingivitis. This suggests that gingivitis and periodontitis are distinct entities resulting
from different etiological agents.
It has been established that the primary causative agents of gingivitis and periodontitis are
bacterial in nature (258). The microbial population in the oral cavity is very complex, comprising
over 300 species (144). In the healthy state, innocuous organisms colonize the tooth surface

1

FIGURE 1 Tissues comprising the periodontium in the healthy (A) and diseased (B) state.
The periodontium consists of the gingiva, periodontal ligament, cementum, and alveolar bone.
In the healthy state (left), the gingival sulcus is the shallow space between the marginal gingiva
and the tooth. In periodontitis (right), degradation of periodontal ligament fibres and gingival
tissue results in an apical detachment of gingiva from the tooth surface, resulting in the
formation of a periodontal pocket.

A. Healthy

^

B. Diseased

gingival
sulcus
gingiva

periodontal pocket

periodontal
ligament

bone resorption

alveolar
bone
cementum
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and the epithelial cells lining the gingival sulcus. The initial development of gingivitis is thought
to be a consequence of bacterial proliferation resulting in a high accumulation of
microorganisms at the affected site. The production of sufficient noxious microbial compounds
induces an inflammatory response in the host. Although there have been reports of changes in
the composition of the subgingival microbial population in the late stages of clinical inflammation
(251, 275), the initial insult appears to be due to the sheer mass of indigenous organisms rather
than from the activity of specific pathogens. It is generally accepted that gingivitis is a nonspecific inflammatory reaction to a microbiota which varies in composition from person to
person, and site to site (176). This concept of bacterial non-specificity in disease is known as
the "non-specific theory of plaque-induced periodontal disease" (146, 286). Disease
progression in periodontitis however, appears to be associated with the presence of particular
microorganisms. Loesche (146) discusses this requirement for specific bacterial etiologies as
the "specific plaque hypothesis".
The oral microflora colonizing the healthy gingival sulcus comprises mainly Gram-positive
cocci and rods, usually Streptococcus and facultative Actinomyces species (245). The
development of periodontitis correlates with a transition to Gram-negative rods and motile
organisms as the major components of the microbiota in the gingival sulcus (246, 247, 283).
While some of these organisms may be present in low numbers as members of the indigenous
microflora, it appears that an increase in their numbers and activity is correlated with
degradation of periodontal connective tissue (284). A number of early studies identified
Bacteroides gingivalis (subsequently re-classified as Porphyromonas gingivalis) as a

predominant isolate in sites of destructive disease activity (reviewed by Slots (248)). This
organism is generally not detected in healthy gingival sulci (245). The following three sections
are devoted to a description of Porphyromonas gingivalis and studies which provide evidence of
its role in adult periodontitis. A review of this organism can be found in reference (163).
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1.2 The taxonomy of Porphvromonasgingivalis
The classification of organisms in several major groups of anaerobic bacteria such as
Bacteroides, Eubacterium, and Fusobacterium has recently proved unsatisfactory. Advances in

biochemical/chemical methods and molecular biological methods to study the relatedness of
organisms has shown significant heterogeneity within groups of bacteria which were once
classified together on the basis of similar morphological and physiological characteristics. The
organism now known as Porphyromonas gingivalis has undergone extensive taxonomic
change. These changes may cause some confusion in interpreting past literature pertaining to
P. gingivalis. The following, therefore, serves as a brief overview of the classification of this

organism.
A small Gram-negative anaerobic rod that produced black-pigmented colonies when grown
on blood agar plates was first reported in 1921 (203). The dark pigment was believed to be
melanin, and the organism was named Bacterium melaninogenicum (Figure 2). This
designation was subsequently changed to Haemophilus melaninogenicus (15) as growth of this
bacterium appeared to be better on solid medium containing the X and V growth factors
characteristic of the members of the genus Haemophilus. Roy and Kelly (218) later re-classified
this organism to the genus Bacteroides, and named it Bacteroides melaninogenicus.
Only one species of black-pigmented Bacteroides was recognized before 1970, although
biochemical and immunological heterogeneity was demonstrated among strains of
B. melaninogenicus (43, 225). In 1970, Holdeman and Moore (103) divided Bacteroides
melaninogenicus into three subspecies on the basis of their fermentative activities.
B. melaninogenicus subspecies melaninogenicus (strongly fermentative), B. melaninogenicus

subspecies intermedius (weakly fermentative), and B. melaninogenicus subspecies
asaccharolyticus (nonfermentative). Later studies (reviewed in reference (67)) indicated

sufficient biochemical and genetic differences between the saccharolytic and asaccharolytic
strains to elevate the asaccharolytic subspecies to the species level (B. asaccharolyticus).
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FIGURE 2 Changes in the taxonomy of black-pigmented, non-motile, Gram-negative, obligatory anaerobic rods

Bacterium melaninogenicum

Haemophilus melaninogenicus

Bacteroides melaninogenicus

B. melaninogenicus
ss. melaninogenicum
(strongly fermentative)

B. melaninogenicus
ss. intermedius
(weakly fermentative)

B. melaninogenicus

B. melaninogenicus
ss. asaccharolyticus
(nonfermentative)
B. asaccharolyticus

B. intermedius^B. corporis

B. melaninogenicus B. loescheii B. denticola

B. asaccharolyticus B. gingivalis B. endodontalis

genus Prevotella
genus Porphyromonas

Early characterization of Bacteroides species showed that these organisms, particularly the
asaccharolytic isolates, could be differentiated into oral and nonoral strains based on genetic
heterogeneity (238, 298). Coykendall et al. (44) demonstrated that there was a significant
genetic difference between oral and nonoral asaccharolytic strains. The deoxyribonucleic acid
(DNA) base content of asaccharolytic strains isolated from the oral cavity varied from 46.5 to
48.4 mol% guanine+cytosine (G+C), while that of nonoral asaccharolytic isolates was between
49.2 and 53.6 mol% G+C. In addition, oral strains with low G+C contents exhibited an
electrophoretically slow-migrating malate dehydrogenase (238) and a significantly different lipid
composition (230) compared with nonoral strains. It was proposed that the name B. gingivalis
be used for the asaccharolytic strains isolated from oral sites (44); B. asaccharolyticus was
retained for asaccharolytic strains isolated from nonoral sites.
In 1984, a third asaccharolytic black-pigmented Bacteroides species, B. endodontalis, was
proposed (301) based on two strains isolated by Sundqvist (269). Although originally classified
as B. asaccharolyticus, these strains had little or no DNA homology with either authentic
B. asaccharolyticus or B. gingivalis. All three species of asaccharolytic Bacteroides can be

rapidly differentiated by their unique protein profiles obtained by sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE).
Shah and Collins (232) have proposed that sufficient biochemical and chemical differences
exist between the asaccharolytic Bacteroides species and the type strain of the genus
Bacteroides (Bacteroides fragilis) that B. asaccharolyticus, B. gingivalis, and B. endodontalis be

re-classified in a new genus called Porphyromonas. This taxonomic change, based on
biochemical and physiological data, was supported by subsequent studies of 5S and 16S
ribosomal ribonucleic acid (RNA) sequences of current and former members of the Bacteroides
group (296). These studies showed genetic evidence of the non-homology between
Bacteroides and the newly classified Porphyromonas strains. For the remainder of this
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dissertation, the organism which was known formerly as Bacteroides gingivalis will be referred
to as Porphyromonas gingivalis.
Subsequent investigations have shown that several Bacteroides species isolated from
animals appear to be more closely related to the genus Porphyromonas than to the genus
Bacteroides. Love et al. (153) proposed that B. salivosus (of feline origin) be re-assigned to the

genus Porphyromonas as P. salivosa. A new species designated Porphyromonas
circumdentaria was proposed to classify a new group of organisms also isolated from the oral

cavity of cats (153). B. levii (of bovine origin) and B. macacae (of macacae origin) have been
reported to share many features with Porphyromonas (233, 282). It is likely that these
Bacteroides species may also be re-classified in the future to the genus Porphyromonas.

Attempts to further subdivide isolates of P. gingivalis have resulted in the determination of
two biotypes based on catalase activity (207), and the identification of three serotypes (68).
The application of molecular biological methods such as genomic DNA fingerprinting (151) and
the polymerase chain reaction with arbitrary primers (170), to further characterize P. gingivalis
has proved to be more discriminating than biotyping or serotyping. These methods have shown
evidence of the wide genetic diversity within this species. Loos et al. (151) found 29 distinct
DNA fingerprints among the 33 P. gingivalis isolates which were investigated. The P. gingivalis
isolate used in the work presented in this dissertation was strain American Type Culture
Collection (ATCC) 33277 (formerly Slots 2561). It was originally isolated from the human sulcus
and is currently the type strain for this species.
Of the group known formerly as black-pigmented Bacteroides several other members, in
addition to P. gingivalis, originated from the oral cavity. These include Prevotella (Bacteroides)
corporis, Prevotella (Bacteroides) denticola, Prevotella intermedia (Bacteroides intermedius),
Prevotella-(Bacteroides) loescheii, Prevotella melaninogenica (Bacteroides melaninogenicus),

and Bacteroides macacae. In this dissertation the title "black-pigmented Bacteroides (BPB)" will
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occasionally be used to refer to the collection of organisms which were previously grouped
under this name.

1.3 Nutritional requirements of Porphyromonas gingivalis
P. gingivalis is an obligate anaerobe, requiring haemin and vitamin K as growth factors (76).

A medium containing bacitracin, colistin, and nalidixic acid as selective agents has been
developed for specific isolation of this organism (107).
It has been suggested that the dark pigment produced by P. gingivalis is a mechanism of
storage of haemin (76). P. gingivalis cells transferred from a growth medium containing high
concentrations of haemin to a medium lacking haemin were still able to undergo 8 to 10 cell
divisions (216). This indicated that the cell accumulates and stores exogenous haemin which
can be utilized during periods of haemin limitation. In 1979, Shah et al. (229) demonstrated
unequivocally that the pigment produced by P. gingivalis was protohaemin with traces of
protoporphyrin. Recent investigations have identified a 26 kilodalton (kDa) outer membraneassociated protein of P. gingivalis whose expression is regulated by haemin (24, 25). This
molecule appears to bind to haemin, and is regulated exclusively by an intact haemin molecule
and not by other porphyrins, or organic or inorganic sources of iron (25, 26). These results
indicate that this 26 kDa protein may play a role in haemin acquisition by the cell from the
external milieu.
Vitamin K appears to function as an electron carrier in the electron transport system of
Bacteroides /evil, and by analogy P. gingivalis (76, 230). Vitamin K has also been found to

stimulate synthesis of phosphosphingolipids in the cell envelope, which indicates a possible role
for this compound in membrane permeability (142).
The exact roles of haemin and vitamin K in the growth of P. gingivalis are not fully
understood. The concentration of haemin available for growth appears to have an effect both
on the physiology and virulence of this organism (168). Cells of strain W50 transferred to

8

medium lacking haemin were avirulent when injected into mice, whereas cells grown in
conditions of haemin excess caused 100% mortality.
Isolates of P. gingivalis from in vivo infections are generally part of a mixed bacterial
population (257, 297). It appears that synergistic nutritional relationships between bacteria
within these infections may be important for proliferation of P. gingivalis. The presence of
vitamin K-related compounds such as naphthoquinone produced by associated bacteria may
enhance growth of this organism (155). Increased growth of P. gingivalis was observed due to
protoheme produced by Wolinella recta, an organism frequently found in association with
P. gingivalis in oral infections.

In addition, succinate produced by fermentation of glucose (84, 164) or amino acids (82) by
other bacteria, can replace haemin as a growth factor for P. gingivalis. Of interest is that the
growth of P. gingivalis can be supported by succinate supplied by Treponema denticola,
another suspected periodontopathogen (82). This reinforces the concept of synergistic
interactions between bacteria which promote the growth of a pathogenic pool of organisms in a
mixed infection. Mayrand and McBride (164) demonstrated the effect of succinate-producing
helper bacteria in the virulence of P. gingivalis. The P. gingivalis strain studied was not
infectious when inoculated subcutaneously as a pure culture in the guinea pig model system.
However, co-inoculation with any one of a number of Gram-positive or Gram-negative
succinate-producing organisms resulted in a rapidly progressing and often fatal disease.
Further studies showed that incorporation of haemin or succinate into the inoculum was
sufficient to replace the need for a second organism.
Due to its asaccharolytic nature P. gingivalis is dependent in vivo on the fermentation of
proteinaceous compounds from host tissue proteins and the metabolic end-products of other
bacteria, for cell metabolism. P. gingivalis appears to preferentially utilize peptides as a source
of energy (237, 303). It has limited ability to ferment free amino acids, however it has been
demonstrated that a few specific amino acids appear to be taken up as readily as peptides (171,
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237). Of particular note are aspartate and glutamate, both of which are present in gingival
crevicular fluid (GCF). These appear to be rapidly deaminated by P. gingivalis (75, 236, 237).
Furthermore, Syrjdnen et al. (276) measured free amino acid levels in GCFs of normal subjects
and patients with periodontal disease, and found that only glutamate was statistically
significantly elevated in the periodontal patients when compared with controls. This increase in
glutamate concentration during episodes of disease activity may enhance the growth of
P. gingivalis in the periodontal pocket.

1.4 Porphyromonas gingivalis in the etioloay of periodontal disease
1.4.1 Microbiological studies
A large body of evidence from microbiological studies implicates P. gingivalis as an oral
pathogen. The healthy gingival sulcus harbours a microbiota of which 85% are Gram-positive
cocci and rods (247). Several studies have shown a direct relationship between the
appearance of P. gingivalis as a dominant cultivable species in the oral microflora and the
occurrence of periodontitis (37, 39, 52, 150, 284, 308). White and Mayrand (308) investigated
the microbial population of healthy gingival sulci and periodontal pockets. In patients with
severe gingival inflammation P. gingivalis was detected in samples from periodontal pockets,
however this organism appeared to be absent from healthy sites. Similarly, Tanner et al. (284)
found that periodontal pockets where recent bone loss had occurred contained a higher
proportion of P. gingivalis in the microbiota than sites where there was no detectable disease
activity. In a more recent study, Christersson et al. (39) examined the prevalence of
P. gingivalis in a large patient population. Subgingival plaque samples were taken from several

sites in each patient and tested for P. gingivalis by immunofluorescence microscopy. Of the 53
patients diagnosed as having severe adult periodontitis, 94% harboured P. gingivalis. A
reference group comprised a large number of general dental patients (1559 subjects) from
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which individuals with moderate to severe periodontitis had been excluded. Of the subjects in
the reference population, P. gingivalis was detected in only 9.9% of the individuals.
Additional evidence for the involvement of P. gingivalis in the pathogenesis of periodontal
disease comes from treatment case reports. In one investigation, isolates of P. gingivalis
constituted 35 to 40% of the sulcular flora of patients with severe periodontitis. Treatment with
metronidazole eliminated this organism and resolved the disease (149). In a subsequent study,
a case of refractory periodontitis was reported in which the sulcular flora contained more than
60% P. gingivalis. Eradication of P. gingivalis correlated with success in controlling the disease
(297).
1.4.2 Serological evidence
Immunological studies provide support for the role of P. gingivalis in periodontal disease.
Most microbial infections are accompanied by an immune response that is specific for the
pathogenic organism. Virtually all investigators agree that serum antibody levels to P. gingivalis
are higher in patients diagnosed with one of several forms of periodontal disease than in other
groups of individuals (47, 58, 60, 178, 302). Vincent et al. (302) analysed serum from patients
suffering from either (1) juvenile periodontitis, (2) adult periodontitis, or (3) rapidly progressing
periodontitis. An increased systemic antibody level to P. gingivalis was observed in all three
disease groups in comparison to antibody levels in a normal control group. These results are
consistent with those of Ebersole et al. (60) who found that serum immunoglobulin G (IgG)
antibody levels specific to P. gingivalis were significantly elevated in adult periodontitis and
advanced destructive periodontitis patients as compared to the level in normal healthy
individuals. Serum immunoglobulin M (IgM) and immunoglobulin A (IgA) antibodies to this
organism were also found to be increased in diseased versus normal subjects.
Several studies report levels of antibodies to P. gingivalis in gingival crevicular fluid which
are higher than that in serum (61, 285). Tew et al. (285) showed levels of anti-P. gingivalis IgG
(per mg of human serum albumin) in GCF at some sites to be twice that in serum. Kagan (114)
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demonstrated that 32% of plasma cells from advanced periodontal lesions bound P. gingivalis,
while only 3% of plasma cells from early lesions demonstrated the same activity. These
investigators suggested that there may be local antibody synthesis and/or an accumulation of
specific antibodies in tissues and fluids of the gingiva. A subsequent study however, revealed
that while there is a significantly elevated level of anti-P. gingivalis IgG in both serum and GCF
of patients with untreated adult periodontitis as compared to control individuals, the ratio of GCF
IgG to serum IgG was not significantly greater than the ratio in the control group (182). The
local immune response (as measured by antibody levels in GCF) appeared to be a result of
leakage of serum into the gingiva and not a site-specific response to infection. Investigations by
Ebersole et al. (59) also indicate that while some gingival sites may show an elevated antibody
level to periodontal microorganisms, consideration of the systemic immune response may prove
more useful in the study of periodontal infections.
1.4.3 Experimental infections
P. gingivalis and other asaccharolytic black-pigmented Bacteroides are often found in

association with at least one other bacterial species in a mixed bacterial infection. The study of
mixed bacterial diseases is often difficult. Factors which hamper investigations are (i) some
organisms are recovered not only from the infected site but as part of the normal microflora in
healthy sites, (ii) when taken individually, organisms recovered from a mixed infection are
generally avirulent or minimally virulent under most conditions, and (iii) pre-disposing factors in
the host or a sudden change in environmental conditions may be necessary to induce
pathogenesis. The mixed culture characteristic of periodontal disease makes it difficult to
ascertain the importance of any one organism and the mechanisms by which the bacterial
mixture initiates and sustains the infection.
The establishment of experimental infections in animals has clearly demonstrated however,
that P. gingivalis plays a key role in the infectious process. Early studies using guinea pigs (84,
164) showed that the inclusion of P. gingivalis in several different mixed-culture inocula resulted
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in the development of necrotic lesions. This infection was transmissible to other animals. When
P. gingivalis was omitted from the mixed-culture inoculum, the bacterial consortium introduced

into the animal did not induce lesions. P. gingivalis appeared to be a necessary component of
the inoculum for the infection to occur.
Several investigators have subsequently shown that some strains of P. gingivalis inoculated
as pure culture into guinea pigs or mice can result in the development of a rapidly spreading
infection (87, 115, 280). Neiders et al. (188) demonstrated that eight strains of P. gingivalis
produced lesions when injected intraperitoneally into mice. Histological examination of the
tissue showed evidence of invasion of the connective tissue.
Several animal models have been developed to examine the pathogenicity of P. gingivalis.
In addition to guinea pigs (84, 115, 165, 271) and mice (34, 73, 188), animal models for
P. gingivalis infections include the use of rats (63, 117) and rabbits (219). To investigate the

affect of P. gingivalis in a biological system which mimics the human periodontium, several
investigators have examined experimental infections in periodontal tissues of hamsters (198),
beagle dogs (16), sheep (109), and cynomolgus monkeys (104, 121). Of note is a study by Holt
et al. (104) using monkeys where P. gingivalis was implanted into the periodontal microbiota at
ligated sites. The introduction of P. gingivalis resulted in ligature-induced periodontitis.
Infection by P. gingivalis correlated with an increase in the serum antibody levels to this
organism, as well as to significant bone loss at the implanted site. These results imply a direct
connection between implantation of P. gingivalis and the clinical manifestations observed in
periodontitis.

1.5 OUTER MEMBRANE PROTEINS OF PORPHYROMONAS GINGIVALIS
Cell surface components of bacteria play an important role in colonization and acquisition of
nutrients for cell metabolism. Specific surface molecules of pathogenic organisms may function
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as a potent enzyme or invasin; these may be essential for establishing and sustaining an
infection.
Several investigators have attempted to obtain a profile of the outer membrane (OM)
proteins of P. gingivalis (51, 119, 167, 304) as a first step in studying surface proteins which
may play a role in virulence. However, the establishment of a representative OM protein profile
of P. gingivalis has proved difficult. DesLauriers et al. (51) used three different outer membrane
fractionation procedures to recover outer membrane preparations from P. gingivalis ATCC
33277. These procedures were (i) mechanical shearing of whole cells followed by differential
centrifugation, (ii) incubation of a cell sonicate sample with N-lauryl sarcosinate (SarkosylTM) (to
solubilize cytoplasmic membranes) followed by differential centrifugation, and (iii) the recovery
of extracellular vesicles from cell-free culture supernatant (a previous study had reported that
the composition of vesicles was very similar, if not identical, to that of P. gingivalis OM (310)).
All three OM samples exhibited a very complex SDS-PAGE migration pattern compared to other
Gram-negative bacteria. The three OM preparations did not show identical protein profiles.
This suggested that some preparations may have been contaminated by cytoplasmic proteins,
or in the case of the SarkosylTM-insoluble preparation that SarkosylTM extraction may have
removed some P. gingivalis outer membrane proteins. Unfortunately, the extent of cytoplasmic
membrane contamination could not be assessed as no suitable marker has been established.
Kennell and Holt (119) compared the OM profiles of several strains of P. gingivalis. OM
samples were obtained by treating preparations of total membranes with SarkosylTM.
SarkosylTM extraction, known to selectively solubilize cytoplasmic membranes of E. coli,
appeared to have only a quantitative affect on the proteins in P. gingivalis total membrane
preparations. SarkosylTM did not completely remove any protein bands even at concentrations
of 2%. SarkosylTM extraction, while effective with E. coli, does not appear to be reliable in
selectively separating P. gingivalis cytoplasmic and outer membrane proteins (51, 119). In
agreement with the observations of DesLauriers and co-workers, Kennell and Holt reported the
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SDS-PAGE protein profiles of P. gingivalis membranes to be very complex. There also
appeared to be a significant difference in the protein patterns exhibited by different P. gingivalis
strains.
An additional problem in the isolation of P. gingivalis outer membrane preparations is the
potent proteolytic activity elaborated by this organism. Grenier et al. (83) identified seven
proteolytic activities of different apparent molecular weight in an OM preparation of P. gingivalis.
These particular proteolytic activities were not found in a membrane-free cell extract, suggesting
that these proteases were not cytoplasmic but associated with the cell envelope. In contrast to
the complex and well-resolved protein profiles exhibited by DesLauriers et al. (51) and Kennel!
and Holt (119), several researchers have shown SDS-PAGE protein profiles of P. gingivalis OM
preparations to be a set of very diffuse protein bands, often comprising mostly low molecular
weight molecules (86, 129, 304). This suggests that proteins are degraded by membraneassociated proteases in OM preparations during sample preparation and storage. Most
researchers now add protease inhibitors to P. gingivalis samples. However, from the
experience in this laboratory it appears that even in the presence of inhibitors protein
degradation still occurs, albeit at a slower rate, during long-term storage of samples at -20°C .
In order to accurately determine the OM protein composition of P. gingivalis, the
development of a procedure by which a pure OM preparation can be obtained from this
organism is clearly warranted. The action of membrane-associated proteases present in
membrane samples may lead to erroneous conclusions in the study of OM proteins. It appears
that fresh samples prepared in the presence of protease inhibitors should be used in all studies
requiring P. gingivalis protein preparations.
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1.6 ANTIGENIC COMPONENTS OF PORPHYROMONAS GINGIVALIS IN PERIODONTAL
INFECTIONS

As discussed earlier (section 1.4.2), most patients mount a notable humoral immune
response towards P. gingivalis during the course of a periodontal infection. There has been
considerable interest in determining which bacterial components induce antibody synthesis.
Bacterial antigens which invoke a strong immunological response in the host may serve as
useful vaccine components.
At the onset of an infection the immune system responds to the most accessible foreign
antigens, generally those present on the surface of the bacterial cell. Furthermore, in almost all
cases it is cell surface-associated molecules which (1) allow the organism to colonize and
establish the infection, and (2) are important in acquiring the nutrients necessary for cell survival
and reproduction. From the point of vaccine development, it is advantageous to induce
antibodies which will target cell surface components, particularly those which play a role in
bacterial colonization and proliferation.
Studies on the composition of the outer membrane of P. gingivalis (51, 119, 304) have
identified many membrane-associated proteins which may act as immunogens. As an
indication of which specific bacterial components are strongly immunogenic in man, several
researchers have undertaken immunological studies using sera from patients with periodontal
disease. In a Western blot immunoassay where cellular fractions of P. gingivalis were probed
with patient sera, outer membrane-associated proteins of 75 kDa (317, 320) and 53 kDa (129)
were strongly recognized by antibodies in serum samples. The investigators proposed that
these molecules constitute immunodominant antigens on the cell surface. Antibodies to such
antigens may serve as markers to past or current infections with P. gingivalis. In a study
conducted by Watanabe et al. (304), a strong reaction was observed between a 46 kDa
P. gingivalis outer membrane component and antibodies present in serum taken from

periodontal patients. Similar results were demonstrated by another group of researchers (55)

16

who showed that a protein of 47 kDa in outer membrane preparations of P. gingivalis was
recognized by all sera tested from patients with a history of periodontitis, but only reactive with
10% of sera from adults with little of no history of periodontal disease. A subsequent
investigation (45) confirmed that an immunoreactive molecule of 47 kDa, as well as two others
of 40 and 55 kDa, appear to be present on the surface of P. gingivalis.
While the precise role of serum antibodies to immunodominant P. gingivalis antigens is not
known, it is likely they impart some measure of protection against the infecting organism. The
ability of various P. gingivalis preparations to induce immunity in experimental animals has been
extensively examined. Protective immunization against P. gingivalis was demonstrated in
several studies using mice (35, 74, 120) and rabbits (46). In all cases where heat-killed whole
cells of P. gingivalis were used as the immunogen, the animal was protected against infection
when subsequently challenged with highly pathogenic strains of this organism. A significantly
elevated level of serum antibodies towards P. gingivalis was observed, the primary response
being IgG. In challenge infections with immunized and sham-immunized mice, immunized
animals were protected from secondary lesion formation and death (35, 74, 120). These
findings indicated that it may be possible to modulate the pathogenic potential of P. gingivalis by
vaccination.
To evaluate more closely the effect of immunization on periodontal disease, several groups
have investigated experimental infections in the oral cavity of animals immunized with
P. gingivalis cells. Okuda et al. (198) reported a reduction in the numbers of P. gingivalis

present in the periodontium of immunized hamsters, in comparison to the bacterial count in
sham-immunized animals. Similarly, McArthur et al. (166) showed that immunization of squirrel
monkeys resulted in a significant decrease in colonization of the gingival sulcus by blackpigmented Bacteroides. Further support for the potential usefulness of inducing protective
antibodies was provided by a study which investigated the effect of immunization on
periodontal bone loss. Gnotobiotic rats were immunized with P. gingivalis whole cells and
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subsequently challenged with P. gingivalis (64, 125). In the challenge infection experiment,
immunized germ-free rats exhibited less alveolar bone loss than sham-immunized controls.
The periodontal bone level in immunized challenged animals was similar to that of shamimmunized non-challenged control rats. These investigators also immunized rats with either a
75 kDa outer membrane protein, or a purified 43 kDa fimbrial protein of P. gingivalis. In contrast
to animals immunized with P. gingivalis whole cells, the rats immunized with the 75 kDa cell
surface molecule were not protected from periodontal destruction in a subsequent challenge
infection. However, immunization with the 43 kDa fimbrial protein was protective against bone
loss (64). It appears that induction of antibodies targeted to specific bacterial components may
be an effective means of preventing or lessening P. gingivalis-induced periodontitis.

2. VIRULENCE FACTORS OF PORPHYROMONAS GINGIVALIS
The involvement of P. gingivalis in the pathogenesis of periodontal disease is widely
accepted. However, relatively little is known about specific components of this organism that
play a role in virulence. A variety of putative pathogenic determinants have been postulated as
factors that may contribute to the ability of P. gingivalis to colonize and infect host tissue. This
section provides an overview of studies on potential pathogenic determinants of this organism.
Genes for some of the components of P. gingivalis mentioned below have been cloned. These
molecular genetic studies will be discussed in section 3.

2.1 Adhesins
Bacterial cell surface components that mediate attachment to immobilized receptors are
considered to be important pathological determinants. Accumulation of bacteria in the oral
cavity is caused by binding to host tissue or to other bacteria (250, 306). Several studies
indicate that P. gingivalis possesses a variety of different adhesive properties which may enable
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it to colonize the gingival sulcus. The following serves as a discussion of the adherence
characteristics observed in this organism.
2.1.1 Haemagglutinating activity
P. gingivalis has been shown to agglutinate erythrocytes obtained from a wide variety of

sources and of different blood-groups (23, 165, 201, 202, 249, 250, 279). Much research has
been devoted to elucidating the nature of the haemagglutinin expressed by P. gingivalis,
however the identity of the molecule remains unclear.
It was initially believed that the fimbriae of P. gingivalis conferred haemagglutinating activity
to the cell (199, 201, 250). Fimbriae have been isolated and the morphological, biological,
immunological, and chemical properties characterized (140, 199, 201, 250, 259, 318, 319).
Native fimbriae on the cell surface of P. gingivalis appear as thin, curly filaments approximately
5 nm wide. These structures are composed of a monomeric subunit (fimbrillin). An extensive
investigation by Lee et al. (140) demonstrated that considerable heterogeneity exists amongst
fimbrillin subunits elaborated by different strains of P. gingivalis. Fimbrial proteins isolated from
various strains were compared for their size, NH2-terminal amino acid sequence, and antigenic
diversity. The apparent molecular weight of the fimbrillin monomer ranged from 41 to 49 kDa.
Variation was also found in the NH2-terminal amino acid sequences and immunological
reactivities of fimbrillin from different strains of P. gingivalis. With regards to haemagglutinating
activity, Yoshimura et al. (318) showed that pure fimbriae preparations did not exhibit
haemagglutinating activity, or haemagglutination inhibitory activity. Additional studies (23, 272)
found no correlation between the presence of fimbriae on the cell and haemagglutinating
activity. This biological function therefore did not appear to be an integral property of the
fimbrial component of P. gingivalis.
Many attempts have been made to isolate haemagglutinins from P. gingivalis. Inoshita et al.
(108) isolated an exohaemagglutinin from the culture medium of P. gingivalis. Analysis of the
haemagglutinin preparation by SDS-PAGE revealed three major protein bands with apparent
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molecular weights of 24, 37, and 44 kDa, as well as some minor bands. A haemagglutinin has
also been isolated from culture supernatant by Okuda et al. (202). SDS-PAGE analysis showed
the presence of two proteins bands at 40 and 60 kDa. Mouton et al. (177) recently identified a
cell-bound haemagglutinin, and designated it HA-Ag2. Polyclonal antiserum with specificity
restricted to the haemagglutinin HA-Ag2 was produced and used in the following experiments.
Western blot immunoassays with P. gingivalis cell extracts prepared in the presence of ethylene
diamine tetraacetic acid (EDTA) revealed two antigens with apparent molecular weights of 33
and 38 kDa. However, the antiserum detected two polypeptides of molecular weights 43 and 49
kDa from outer membrane samples of P. gingivalis prepared in the absence of EDTA (33, 179).
Mouton et al. (179) concluded that the pair of bands at lower apparent molecular weight
detected by this antiserum are the result of either an EDTA-sensitive tertiary conformation of
component polypeptides of the haemagglutinin or an EDTA-sensitive linkage of each of the
polypeptides to an unknown component of 10 kDa. In its native form on the surface of
P. gingivalis, HA-Ag2 appears to exist as a complex of at least two associated polypeptides of

43 and 49 kDa.
To further characterize HA-Ag2, antiserum to this haemagglutinin was used in
immunoelectron microscopy analysis of intact P. gingivalis cells. Immunogold labelling revealed
HA-Ag2 to be a surface-associated amorphous material distinct from fimbriae (50). Western
blot immunoassay analysis also demonstrated that HA-Ag2 did not react with antiserum raised
to fimbrillin (179).
A surface-associated haemagglutinin of P. gingivalis was also isolated by Singh (243). The
native molecule had a molecular weight in excess of 10 3 kDa, and was composed of subunits
with an apparent molecular weight of 43 kDa. The soluble (108, 202) and cell surfaceassociated (177, 243) haemagglutinins which have been identified exhibit different
characteristics. It is therefore possible that more than one component of P. gingivalis may
function as a haemagglutinin.
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In addition to studies on the bacterial haemagglutinin, there has also been interest in
identifying the receptor molecule on erythrocytes which recognizes the adhesin and allows
P. gingivalis to bind. If this receptor is common to other host cells, particularly to epithelial cells

lining the gingival sulcus, the haemagglutinin could conceivably play a role in P. gingivalis
colonization in the gingival crevice. The erythrocyte receptor protein is believed to be either
spectrin (190) or band 3 (99). Arginyl residues on the receptor appear to play a key role in the
contact between the erythrocyte and the haemagglutinin (99, 108, 181).
An observation which has generated much interest is that the haemagglutinating activity of
P. gingivalis appears to be intimately associated with proteolytic activity (99, 106, 192, 193, 234,

235). It has been suggested that both biological activities may exist on the same molecule
(192, 193, 234). A recent report by Shah et al. (235) however, attributes haemagglutinating
activity and proteolytic activity to separate molecules. They proposed that these are probably
closely associated on the outer membrane of P. gingivalis and may be functionally related. Cooperative interaction between a erythrocyte-binding molecule (the haemagglutinin) and a
proteolytic enzyme may be beneficial to P. gingivalis in terms of its nutritional requirements.
The lysis of bound erythrocytes by outer membrane proteases would make available haemcontaining compounds, which would fulfill the need for haem in the growth of this organism.
Several strains of P. gingivalis have been shown to exhibit cell surface-associated haemolytic
activity (40, 118).
2.1.2 Adherence to other host components
Several studies show that P. gingivalis binds to human epithelial cells (36, 111, 199, 250),
and to hydroxyapatite coated with either collagen, serum, saliva, or crevicular fluid (42, 185).
Very little is known about the adhesin molecules that mediate binding. Recent studies indicate
that fimbriae may play a role in attachment to epithelial cells and saliva-coated hydroxyapatite
(111, 141). P. gingivalis also appears to bind to human fibrinogen (131, 133) and fibronectin
(110, 132). Fibrinogenolytic, fibrinolytic (133, 134, 194, 309), and fibronectin-degrading
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activities (136, 212) have been observed in this organism. Adherence to fibrin and fibronectin
would enable P. gingivalis to colonize, and possibly degrade gingival tissue or interfere with
tissue repair. Lantz et al. (132, 133) have identified a P. gingivalis cell surface component of
apparent molecule weight 150 kDa which appears to recognize and bind both fibrinogen and
fibronectin.
2.1.3 Adherence to other oral microorganisms
It is very likely that the initial stages of colonization by P. gingivalis involve attachment to
other bacteria in dental plaque within the gingival sulcus. It has been demonstrated that
P. gingivalis coaggregates with several bacteria commonly found in the indigenous microflora of

the oral cavity (250). These include various species of Streptococcus and Actinomyces, both of
which are early colonizers of tooth surfaces and the gingival sulcus. Cohesion between
P. gingivalis and organisms in pre-formed dental plaque may play a role in the establishment of
P. gingivalis in the oral cavity. It has recently been shown that P. gingivalis also binds to the

suspected periodontopathogen Treponema denticola (80). Both organisms are strongly
associated with active disease. Close contact between these two species, perhaps due to
mutual dependence, would favour the establishment of a pathogenic microbial population in the
gingival crevice.
Boyd and McBride (23) showed that a bacterial-binding adhesin of P. gingivalis was present
in an outer membrane fraction composed of protein, carbohydrate, and high molecular weight
lipopolysaccharide. The adhesin bound to Actinomyces viscosus and several species of
Streptococcus. Schwarz et al. (228) have also shown evidence that P. gingivalis adheres to
A. viscosus. Furthermore, it appears that P. gingivalis fimbriae may act as the adhesin

mediating the coadhesion of these two species (79).
Several researchers have investigated the affect of host substances on the adherence of
P. gingivalis to different species of Streptococcus (180, 183, 263, 264). Components in saliva

and serum significantly inhibited the binding of these two organisms. These host inhibitory
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factors may be important in the host defence system to control Porphyromonas-Streptococcus
cohesion. No attempt was made to identify the P. gingivalis component mediating the
interbacterial binding.
Another commonly isolated oral bacterium which may serve as an in vivo coadhesion
partner for P. gingivalis is Fusobacterium nucleatum. There has been some interest in defining
the nature of the surface molecules participating in the binding of these two organisms (124,
127). It appears that coaggregation between P. gingivalis and F. nucleatum is a result of a
carbohydrate-lectin interaction. The binding molecules comprise a galactose-containing
carbohydrate on P. gingivalis and a protein on the surface of F. nucleatum.

2.2 Capsule
The presence of a bacterial capsule is beneficial to many infectious anaerobic organisms
(29). Several strains of P. gingivalis appear to be encapsulated. This capsule consists of a
layer of electron-dense material approximately 15 nm thick covering the outer membrane (97,
145, 311). Woo and Holt (unpublished data) have determined that the material consists of a
polysaccharide heteropolymer.
In studies relating virulence to the presence of capsule, Okuda and Takazoe (200) found
that an encapsulated virulent strain was more resistant to phagocytosis and killing by
polymorphonudear leukocytes (PMNLs) than was a similar but non-capsulated strain. Capsular
material therefore appeared to serve as a protective barrier for the organism. Studies by van
Steenbergen et al. (299) supported the protective role of the bacterial capsule. They noted that
virulent strains of P. gingivalis were more resistant to killing by human serum and by PMNLs
than those strains which were less virulent. The virulent strains had a thicker capsule and were
much more hydrophilic. This indicated that the observed differences in virulence may be
attributed, at least in part, to differences in capsular material.
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2.3 Lipopolysaccharide and other Porphyromonas gingivalis components which modulate host
cells

One of the mechanisms by which pathogenic organisms may exert their damage is to
modulate the normal functioning of host cells. Host defence and tissue remodelling activities
may be hyper-stimulated, resulting in a self-destructive rather than a beneficial effect.
Conversely, host cells may be retarded or impaired in their normal functioning.
The lipopolysaccharide (LPS) component of P. gingivalis appears to be capable of
modulating host activities. Early biological characterization of P. gingivalis LPS showed it to be
a weak endotoxin as measured by the Limulus lysate assay or Schwartzman test (159, 273,
274). In contrast to LPS of other Gram-negative bacteria, P. gingivalis LPS was atypical in that
it appeared to lack the classical LPS markers heptose and 2-keto-3-deoxyoctonate (KDO) (102,
160, 184). Recent studies have demonstrated however, that P. gingivalis LPS does contain
barely detectable amounts of both heptose and a phosphorylated KDO derivative (27, 113,
128). Kiley and Holt (122) have suggested that low concentrations of heptose and KDO in LPS
may contribute to weak linkages between the Lipid A and core units, and could result in the
release of free Lipid A and polysaccharide moieties into the environment. It has been shown
that free LPS is capable of penetrating the crevicular epithelial layer to basal and parabasal
cells near the basement membrane. Although much of the LPS was concentrated at the
basement membrane, a small amount was detected in connective tissue. This suggests that at
least some molecules are able to penetrate the basement membrane (227), thus gaining access
to a variety of host cells and tissues.
In in vitro studies, P. gingivalis LPS has been shown to stimulate bone resorption (172, 184)
and inhibit bone collagen formation (172). These effects are very relevant in the context of
alveolar bone loss associated with periodontal disease. Larjava et al. (135) also demonstrated
that growth of human gingival fibroblasts was significantly inhibited upon exposure to
P. gingivalis LPS.
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LPS appears to stimulate both gingival fibroblasts (278, 281, 313) and macrophages (27,
96) to produce several inflammatory cytokines. These include interleukin-1,-6,-8, prostaglandin
E, and tumor necrosis factor. In addition to their role in the inflammatory process, these
cytokines may contribute to the destructive effects observed in periodontal disease. Cytokines
have been shown to (i) possess bone resorbing potential, (ii) induce fibroblasts and osteoblasts
to produce metalloproteinases which are then capable of connective tissue degradation, and (iii)
influence bone metabolism by stimulating osteoclastic resorption and/or inhibition of bone
collagen formation (139, 169).
P. gingivalis components other than LPS also appear to have the potential to function as

host cell modulators. Born-van Noorloos et al. (20) reported that interleukin-1 is induced by a
temperature-sensitive P. gingivalis component, indicating that a protein is involved rather than
endotoxin. P. gingivalis fimbriae have been shown to stimulate the production of interleukin-1
by macrophages (95). Phillips et al. (213) demonstrated that a temperature-sensitive factor in
P. gingivalis extracts is able to inhibit gingival fibroblast growth and alter the morphology of cells

and cytoskeletal proteins. PMNLs also appear to be impaired in their normal functioning upon
exposure to P. gingivalis (195, 314). The ability to diminish the bactericidal activity of PMNLs
may be important in the pathogenesis of this organism.

2.4 Enzymatic activities
A number of enzymatic activities associated with P. gingivalis are believed to be significant
in the virulence of this organism. Of particular interest is the collagenase activity elaborated by
P. gingivalis, which may play an important role in the loss of periodontal connective tissue. This

organism appears to possess a specific bacterial collagenase which degrades native type I
collagen (17, 161, 252, 267), the major constituent of periodontal connective tissue. Collagen
type IV, a component of the subepithelial basement membrane (BM), is also degraded by
P. gingivalis (293). Destruction of gingival BM would allow bacteria and/or bacterial
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components to penetrate into gingival connective tissue. Grenier and Mayrand (87) found that,
with one exception, invasive strains of P. gingivalis had higher levels of collagenase activity
than non-invasive strains.
In addition to a direct involvement in collagen degradation, the proteolytic activity of
P. gingivalis may indirectly enhance tissue destruction by two modes of action. Uitto et al. (294)

have shown in in vitro studies that a 35 kDa protease from P. gingivalis is able to induce the
production of host procollagenases by gingival fibroblasts. A 80 kDa P. gingivalis protease can
activate latent human procollagenases to an active form (260). The combined action of these
two bacterial proteases has the potential to significantly increase host collagenase activity in
vivo. It is generally accepted that both bacterial and host collagenases contribute to periodontal

tissue destruction during episodes of disease activity.
As well as specific proteolysis of collagen, P. gingivalis possesses enzymes which are able
to hydrolyze a wide range of other proteinaceous substrates. Proteases from this organism are
capable of degrading plasma proteins involved in host defence against microbial infections.
Several studies have demonstrated the ability of P. gingivalis to degrade immunoglobulin
molecules (123, 223, 268). Grenier et al. (88) confirmed these results and demonstrated further
that the degraded molecules could serve as growth substrates. Of interest was the hydrolysis
of immunoglobulin bound to the bacterial cell surface, presumably by proteases located in the
outer membrane. Proteins of the complement system are also inactivated by P. gingivalis
proteases (226, 268). Sundqvist et al. (270) showed that P. gingivalis can degrade complement
proteins C3 and C5 from guinea pig serum both in vitro and in vivo. These enzymatic activities
may contribute to the virulence of this organism by destroying or impeding the defensive
response of the host immune system.
P. gingivalis elaborates proteolytic enzymes which degrade human plasma proteinase

inhibitors (31, 191). In vivo, these proteinase inhibitors regulate the activity of host proteases

26

released from PMNLs at the site of infection. The inactivation of such inhibitors by P. gingivalis
would favour greater tissue degradation and more rapid disease progression.
Iron transport plasma proteins such as albumin, haptoglobin, haemopexin, and transferrin
are also effectively degraded by P. gingivalis (32). The hydrolysis of these proteins may provide
a source of nutrients, including peptides, haeme, and iron, to satisfy the metabolic requirements
of this asaccharolytic organism.
The proteolytic activity of P. gingivalis may play a role in disturbing normal tissue integrity
within periodontal connective tissue. Uitto et al. (294) have demonstrated the ability of a
P. gingivalis protease to degrade fibroblast cell surface glycoproteins. This includes fibronectin,

a cell surface and extracellular matrix protein responsible for attachment, proliferation, and the
biosynthetic activity of fibroblasts in connective tissue. Studies by Larjava et al. (136) and Pellat
(212) also provide evidence that P. gingivalis possesses fibronectinolytic activity. Significant
fibrinolytic activity has also been associated with P. gingivalis (133, 134, 194, 309), thereby
enhancing tissue invasion by infecting microorganisms in wound sites. These combined effects
would interfere with the intrinsic ability of host tissues to undergo modelling and repair.
It is clear that the proteolytic enzymes inherent to P. gingivalis are active against a wide
range of host proteins. These proteases have the potential to play an important role in bacterial
pathogenicity. Most of the enzyme activities have only been demonstrated in vitro however,
and it remains to be determined which degradative events are significant in the progression of
active disease.
It has been shown that P. gingivalis possesses at least seven proteolytic activities of
different apparent molecular weight (83). Proteolytic activity was detected in P. gingivalis
culture supernatant, outer membrane vesicle, and cell extract fractions. Several extracellular
and cell-associated proteases of various specificities and size have been isolated and
characterized (2, 13, 71, 72, 89, 100, 138, 174, 204, 206, 261, 266, 291, 316). It appears that
most of these enzymes require thiol or serine groups for activity. In particular, a thiol-dependent
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collagenase capable of degrading native type IV collagen has been isolated by Lawson and
Meyer (138). Work is on-going to elucidate the role of this collagenase in the virulence of
P. gingivalis.

In addition to proteolytic enzymes, P. gingivalis expresses a superoxide dismutase (SOD)
(6, 7). This enzyme inactivates superoxide (02 ), a toxic product of oxygen metabolism. The
-

ability to neutralize oxygen metabolites may be important in maintaining the tolerance of this
anaerobic organism to oxygen exposure (8). Furthermore, the inactivation of 02 species by
-

SOD may contribute to the observed resistance of this organism to oxygen-mediated killing by
PMNLs (5, 287).

2.5 Outer membrane vesicles
Some oral pathogens, including P. gingivalis, release outer membrane fragments as
vesicles (or blebs) into the growth environment. For a review see reference (162). An
evagination of the outer membrane, the composition of vesicles is very similar if not identical to
the outer membrane. Of particular relevance is that upon release from the cell, vesicles appear
to retain several membrane-associated biological activities. The exact role of these structures
is unclear; however, characterization of their biological activities demonstrates that they have
the potential to function as a virulence factor.
Vesicles produced by P. gingivalis are strongly proteolytic (86), with the ability to degrade
immunoglobulins, complement factor C3 (81), fibronectin (252), and native type I collagen (252,
253). Adhesive properties of vesicles include the ability to agglutinate erythrocytes, mediate
attachment of the two non-coaggregating species Eubacterium and Capnocytophaga (86), and
aggregate Actinomyces viscosus (22, 62). Singh et al. (244) also demonstrated that the
presence of P. gingivalis vesicles resulted in a 10-fold increase in the binding of streptococci to
serum-coated and saliva-coated hydroxyapatite.
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It has been postulated that the small size of vesicles (50-150 nm in diameter) may allow
them to enter sites not accessible to the whole cell. Vesicles have been found in the interstitial
spaces between epithelial cells (211). These structures therefore have the potential to
penetrate, invade, and exert enzymatic damage to host tissue.

2.6 Toxic end-products of metabolism
Other compounds that may contribute to the virulence of P. gingivalis are several of the
physiological end-products characteristic of asaccharolytic metabolism. P. gingivalis produces
butyrate and propionate, which have been shown to have a cytotoxic effect on various human or
animals cells in culture (85, 242, 289). Volatile sulphur compounds produced by P. gingivalis
include hydrogen sulphide and methylmercaptan (288); these have a potentially damaging
effect upon host tissues as they can influence the permeability of oral mucosal tissues (189)
and reduce collagen synthesis. Indole and ammonia are also potentially toxic metabolic endproducts of P. gingivalis (154).

3. MOLECULAR GENETIC STUDIES ON PORPHYROMONAS GINGIVALIS
Over the last six years there has been considerable interest in adopting a genetic approach
to the study of P. gingivalis. Prior to this time genetic analysis of P. gingivalis was limited to
DNA base content determination and studies of DNA-DNA homology between strains for
taxonomic purposes. Very little is therefore known about the genetic system of this organism.
Due to similarities between the genera Bacteroides and Porphyromonas, many researchers
studying P. gingivalis (including ourselves) are using cloning systems originally developed for
use in Bacteroides species. Insights into the genetics of Gram-negative anaerobes gained from
studies of Bacteroides may also be relevant to the genetic system of Porphyromonas. The
following discussion encompasses (i) aspects of Bacteroides genetics which may be applicable
to Porphyromonas species, and (ii) a review of molecular genetic studies of P. gingivalis.

29

Virtually all of the work on the genetics of Bacteroides has been done with strains which
colonize the gastrointestinal tract of humans and animals (extensive reviews can be found in
references (14, 220)). Most colonic Bacteroides are resistant to a variety of antibiotics. Many
strains harbour 1 to 5 plasmids. The resistance to some antibiotics is mediated by conjugal
transfer of plasmids carrying resistance determinants. Studies on Bacteroides plasmids which
encode resistance to clindamycin/erythromycin (Cc-Emr) and tetracycline (Tcr) have led to the
discovery that these resistance genes are flanked by regions of direct repeats. Further
investigation showed that the antibiotic resistance determinants on these plasmids were
transposable elements. Two such transposons have been characterized and designated
Tn4351 and Tn 4400.

Naturally occurring Bacteroides plasmids do not replicate in Escherichia coll. Similarly,
E. coli replication origins are not recognized in Bacteroides. No naturally occurring plasmids

have yet been found which have a broad enough host range to encompass both Bacteroides
and E. coll. E. coli is a very convenient host organism for genetic studies. Therefore it was
advantageous to develop vectors which would allow for both maintenance of Bacteroides genes
in E. coli, and study of gene expression or genetic manipulation in Bacteroides.
Regions from naturally occurring Bacteroides plasmids and from established E. coli cloning
vectors were used to construct several E. coli-Bacteroides shuttle vectors. These plasmids
replicate in both organisms, and can be introduced into Bacteroides by conjugal mating with
E. coli (movement of DNA into most Bacteroides species by transformation is very inefficient).

The shuttle vectors include pE5-2 (240), pVAL-1 (295), and pNJR5 (239), which all impart
clindamycin/erythromycin resistance on the Bacteroides host; shuttle vector pNJR12 confers
tetracycline resistance on Bacteroides. Most of the vectors are mobilized from E. coli to
Bacteroides with the aid of transfer factors encoded by genes on the helper plasmid R751.

These vectors can be efficiently introduced into E. coli by transformation. Conjugative elements
in Bacteroides can also mediate vector transfer from Bacteroides to E. coll. Suicide plasmids
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which do not replicate in Bacteroides, for example pVAL-7 (255) and pNJR6 (262), have also
been generated for transposon or targeted insertional mutagenesis in Bacteroides. The
development of these vectors has increased the breadth of research possibilities for the study of
Bacteroides genes which are not expressed in E. coli, for example the plasmid-borne Cc-Emr

gene. They also provide a means by which genetic manipulations can be carried out in
Bacteroides species.
Bacteroides are phylogenetically distinct from E. coli (307) and there are no reports of

expression from E. coli promoters in Bacteroides species. However, it does appear that some
Bacteroides promoters are functional in E. co/i. Genes encoding fimbrillin (9) and a chondroitin

lyase (92) have been cloned from B. nodosus and B. thetaiotaomicron, respectively. The gene
products are synthesized in E. coli and in both cases transcription occurs from a promoter which
lies within the cloned fragment. The transcriptional apparatus of E. coli therefore appears to
recognize at least some Bacteroides promoters. Virtually nothing is known about Bacteroides
promoters, and no promoter regions have been characterized in detail. Feldhaus et al. (65)
have recently constructed transcriptional fusion vectors for use in Bacteroides species in order
to study promoters which are recognized in this organism.
It has only been within the last few years that attention has turned to identifying and
characterizing P. gingivalis at the genetic level. Ninety strains of P. gingivalis were analysed for
plasmid content, however no plasmids were detected (315). This organism therefore does not
appear to contain naturally occurring extrachromosomal replicons.
Use of molecular biological methods for the diagnosis of periodontal disease is being
increasingly favoured over traditional anaerobic culture procedures (147, 148, 224). For the
identification of P. gingivalis from clinical specimens, whole genomic DNA probes (70, 217) and
oligonucleotide probes complementary to the hypervariable regions of 16S RNA (54) have been
developed. Evaluations of these probes showed that some were highly sensitive and specific
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for P. gingivalis (175, 265), and may therefore be useful in identification of this organism in
patient samples.
There has been much interest in cloning genes from P. gingivalis, particularly genes which
encode potential virulence determinants. As in studies of Bacteroides species, a major concern
was whether the transcriptional initiation signals used in P. gingivalis would be recognized in
E. coll. Kimpel and Clarke (126) have assayed for reactivity between P. gingivalis RNA

polymerase and 125 1-labelled antiserum to (i) E. coli core enzyme and (ii) E. coli sigma factors.
No reactivity was observed between proteins in P. gingivalis whole cell extracts and these
antisera in a Western blot immunoassay. In addition, RNA polymerases of E. coil and
P. gingivalis were compared by investigating their sensitivities to RNA polymerase inhibitors.

Under conditions where the antibiotics rifampicin, streptovarian, and streptolydigin completely
inhibited E. coil RNA polymerase activity, P. gingivalis RNA polymerase did not appear to be
affected. These researchers concluded that E. coli RNA polymerase may not be sufficiently
similar to P. gingivalis RNA polymerase to recognize P. gingivalis promoters. The use of
promoter-containing expression vectors was recommended for cloning and expression of
P. gingivalis genes in E. coll.

Several groups have reported on the cloning of P. gingivalis genes in E. coli. A description
of the genes which have been isolated can be found in Table 1. Genes for two recombinant
proteases (10, 21, 209), a 13-N-acetyl-hexosaminidase (152), and a glutamate dehydrogenase
(GDH) enzyme (this study) appear to be transcribed from promoters that lie within the cloned
DNA fragments. Putative -10, -35 promoter regions have been identified for the genes
encoding a P. gingivalis protease (21), SOD (38), and GDH (this study). The location of the
potential promoter regions was determined from homology to E. coli consensus promoter
sequences. In the case of the sod gene it appears that transcription in E. coli is not initiated
from the putative P. gingivalis promoter, but from the lacZ' promoter on the cloning vector.
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TABLE 1 Genes cloned from Porphyromonas gingivalis
Strain

Gene

Detection of
cloned protein

Size of cloned
proteina (kDa)

Size of
corresponding
native
protein(s)b (kDa)

Other comments

Ref.

381

fimbrillin

No

35.9
(deduced aa seq)

43

(i)^nucleotide seq determined

53

381

haemagglutinin

Yes

125
(Western
immunoblot)

43, 38

(i)

94,
215

nucleotide seq determined

(ii) cloned protein biologically
active

42
(deduced aa seq)

(i)

nucleotide seq determined

94

W12

adhesin for
fibrinogen and
fibronectin

No

43.7
(deduced aa seq)

not detected
(ND)

381

adhesin for
Actinomyces
viscosus

Yes

40
(SDS-PAGE)

40

1,
101

1101

collagenase

No

ND

ND

137

ATCC
53977

collagenase
(prtC gene)

Yes

35
(SDS-PAGE)

ND

37.8
(deduced aa seq)

(1)^nucleotide seq determined
(ii) cloned protein biologically
active

116

Strain

Gene

Detection of
cloned protein

Size of cloned
protein a (kDa)

Size of
corresponding
native
protein(s)b (kDa)

W83

protease

No

ND

ND

Other comments

(i) weak expression from
P. gingivalis promoter

Ref.

10

(ii) cloned protein biologically
active
W83

thiol-dependent
protease

Yes

50
(SDS-PAGE)

80d

thiol-dependent
protease
(tpr gene)

Yes

64
(protease
zymogram)

expression from own
P. gingivalis promoter

208,
209

(ii) cloned protein biologically
active

90
(protease
zymogram)
W83

(i)

ND

(i)

nucleotide seq determined

21

(ii) potential -10, -35 promoter
regions identifiedd

62.5
(deduced as seq)

(ii) expression from own
P. gingivalis promoter
(iii) cloned protein biologically
active

ATCC
53977

thiol-dependent
protease
(prtT gene)

Yes

50
(protease
zymogram)

ND

(i)

expression from promoter
on cloning vector

(ii) cloned protein biologically
active

205

Strain

Gene

Detection of
cloned protein

Size of cloned
protein a (kDa)

Size of
corresponding
native
protein(s)b (kDa)

Other comments

Ref.

381

glycylprolyl
am inopeptidase

Yes

75
(peptidase
zymogram)

ND

(i)^cloned protein biologically
active

186

ATCC
33277

superoxide
dismutase
(sod gene)

No

23
(deduced aa seq)

ND

(i)

187

ATCC
53977

superoxide
dismutase
(sod gene)

No

23
(deduced aa seq)

ND

nucleotide seq determined

(ii) cloned protein biologically
active
(i)

nucleotide seq determined

38

(ii) potential -10,-35 promoter
regions identifiedd
(iii) expression from
promoter on cloning vector
(iv) cloned protein biologically
active

not
reported

(3-N-acetyl-Dhexosaminidase

No

ND

ND

(i)^expression from own
P. gingivalis promoter

152

381

surfaceassociated
protein

Yes

77
(Western
immunoblot)

75

(i)^expression from promoter
on cloning vector

305

Strain

Gene

Detection of
cloned protein

Size of cloned
proteina (kDa)

Size of
corresponding
native
protein(s)b (kDa)

W50

surfaceassociated
protein

Yes

55
(Western
immunoblot)

55

ATCC
33277

surfaceassociated
protein,
glutamate
dehydrogenase
(pgagl/gdh
gene)

Yes

48, 51
(Western
immunoblot)

51

49.2
(deduced as seq)

Other comments

Ref.

3

(i)

nucleotide seq determined

(ii) potential -10, -35 promoter
regions identifiedd
(iii) expression from own
P. gingivalis promoter
(iv) cloned protein biologically
active

a SDS-PAGE and Western blot immunoassay analyzes performed with denatured protein samples, zymograms
conducted with non-denatured samples
b denatured protein unless otherwise stated
b non-denatured protein
d from homology to E. coli promoter consensus sequences

this
study

Biologically active recombinant proteins were detected in E. coil clones expressing a
haemagglutinin (215), a collagenase (116), proteases (10, 21, 205, 209), a peptidase (186),
SODs (38, 187), and a GDH (this study). It is clear from these cloning studies that the
transcriptional apparatus of E. coil does appear to recognize at least some P. gingivalis
promoter sequences. Furthermore, many P. gingivalis messages seem to be translated and the
protein product processed to a biologically active molecule in this cloning host.
In order to introduce foreign or modified genes into P. gingivalis several investigators have
assessed the possibility of using shuttle vectors developed for gene transfer between E. coil
and colonic Bacteroides species. The plasmids pE5-2 (214), pVAL-1 (57), pNJR5, and pNJR12
(157) were all successfully transferred to P. gingivalis by conjugal mating with E. coil donor
strains. For pE5-2 and pVAL-1, the frequencies of transfer into P. gingivalis (in the range 10 -7
to 10 -9 per recipient) were lower than generally observed in transfers to colonic Bacteroides
species. In comparison, transfer frequencies for pNJR5 and pNJR12 to P. gingivalis (10 -4 per
recipient) were comparable to those obtained when using colonic Bacteroides as recipients.
The antibiotic resistance markers carried on these plasmids confer on P. gingivalis resistance to
antibiotics which are normally deleterious to this organism. With the exception of pNJR5, these
shuttle vectors appeared to be stably maintained in P. gingivalis under conditions of antibiotic
selection. Dyer et al. (57) showed that plasmid pVAL-1 was easily lost from the cell however,
when antibiotic was not present in the growth medium. P. gingivalis cells containing vector
pNJR5 were reported to grow more slowly than wild-type P. gingivalis. Maley et al. (157) found
these transconjugants difficult to maintain on selective media. They postulated that this may be
due to poor expression of the Cc-Emr selection marker in P. gingivalis.
There has been considerable interest in generating mutants of P. gingivalis, particularly
strains which no longer express putative virulence determinants. One means of genetically
altering P. gingivalis is by transposon mutagenesis. The plasmid R751::* 04 carries the
transposon Tn435 / which encodes an antibiotic resistance marker. This plasmid can transfer
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itself from E. coli to Bacteroides but cannot replicate in Bacteroides species. It has previously
been used as a suicide vector for delivery of Tn4351 into colonic Bacteroides. Two groups
have reported the successful introduction of R751::*04 into P. gingivalis and transposition of
Tn4351 into the P. gingivalis chromosome (57, 105). Thus it appears that Tn4351 may be a

useful tool for generating P. gingivalis mutants. Hoover et al. (105) claim to have isolated
several trypsin-like protease-deficient mutants of P. gingivalis resulting from Tn4351 insertions.
Malek et al. (156) have reported the generation of a fimbriae-deficient P. gingivalis mutant
by targeted homologous recombination. A fragment from the cloned fimA gene (encoding
fimbrillin) of P. gingivalis was ligated into the suicide plasmid pVAL-7 which contains an
antibiotic resistance determinant. The suicide plasmid was introduced into P. gingivalis and
transconjugants selected on an antibiotic-containing medium. An insertion-duplication mutant
which appears to be devoid of fimbriae was isolated. The mutant P. gingivalis strain lacks the
ability to adhere to saliva-coated hydroxyapatite, suggesting that P. gingivalis fimbriae may be
important in adherence of this organism to saliva-coated oral surfaces.

4. GLUTAMATE DEHYDROGENASES
Glutamate dehydrogenase (GDH) enzymes are involved in nitrogen metabolism and/or
ammonia assimilation. P. gingivalis possesses GDH activity (231), however the enzyme(s)
responsible for this activity have not been characterized. This section provides a brief
introduction to glutamate dehydrogenases based on the characterization of enzymes from
different organisms. A review can be found in reference (78).
Glutamate dehydrogenases (E. coli 1.4.1.2-4) catalyze the interconversion of aketoglutarate and L-glutamate.
a-ketoglutarate + NAD(P)H + NH4+ <—> L-glutamate + NAD(P)+ + H2O
There are three known types of GDHs which differ in their coenzyme specificity:
nicotinamide adenine dinucleotide phosphate (NADP)-specific, nicotinamide adenine
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dinucleotide (NAD)-specific, and a form that can utilize either NADP or NAD as cofactor. GDHs
from microorganisms are usually specific for either NADP or NAD, whereas the vertebrate
enzymes exhibit dual cofactor specificity, utilizing either NADP or NAD. Several eukaryotic
microorganisms such as Saccharomyces, Fusarium, Schizophyllum commune, and Neurospora
crassa have two different enzymes, one which is NADP-specific (cytosolic) and the other NAD-

specific (mitochondrial). Most of the prokaryotic Pseudomonas species also synthesize two
GDHs of different coenzyme specificity. In P. aeruginosa, the NADP-dependent GDH is located
in the cytoplasm, while the NAD-dependent enzyme is associated with the cytoplasmic
membrane (112). Most bacteria however, are thought to contain only one species of GDH.
E. coil, for example, possesses a single GDH which is dependent on NADP for activity.

In terms of the physiological role of GDHs, these enzymes are associated with two
metabolic pathways. The cofactor specificity of the enzyme appears to dictate which pathway a
particular GDH functions in. NADP-dependent GDHs generally have an anabolic role. They
catalyze the assimilation of ammonia by reductive amination of a-ketoglutarate to form Lglutamate. This amino acid can then be used to synthesize other amino acids by
transamination. NAD-dependent GDHs usually serve a catabolic function. They facilitate the
oxidative deamination of L-glutamate to a-ketoglutarate, which is then incorporated into the
energy-generating system of the organism. Vertebrate enzymes which have dual cofactor
specificity probably function in both anabolic and catabolic roles.
Almost all GDH enzymes are active as hexameric oligomers with molecular weights around
300,000 daltons. Exceptions to this are two GDHs from Thiobacillus novellus which have been
reported to have oligomeric weights of approximately 120,000 daltons. The NAD-dependent
GDH of Neurospora crassa also appears to be anomalous in that it is a tetrameric oligomer with
a molecular weight of around 480,000 daltons.
Structure-function studies have been conducted on the NAD-dependent GDH of Clostridium
symbiosum (12). These studies revealed that each monomeric subunit consists of two distinct
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domains of unequal size separated by a deep crevice which lies on the outside of the molecule.
Both domains appear to have a functional role. Domain A is responsible for the symmetrical
association of the subunits, and provides the residues for glutamate/a-ketoglutarate binding;
domain B carries the NAD-binding capability. In this respect, the C. symbiosum GDH appears
to have similar features to other dehydrogenases such as malate dehydrogenase, aldehyde-3phosphate dehydrogenase, and liver alcohol dehydrogenase.
The location of the catalytic site and the catalytic mechanism of GDH have yet to be clearly
elucidated. The proposed mechanism of reaction appears to involve two lysine residues which
are highly conserved in GDH enzymes. These residues are lysine 27 and 126 in the bovine
GDH, and lysine 14 and 113 in the Neurospora crassa NAD-dependent GDH. It also appears
that a carboxyl group is important in the active site.
The purpose of the study described in this dissertation was to clone and characterize cell
surface components of Porphyromonas gingivalis as potential virulence factors of this organism.
Generation of a P. gingivalis isogenic mutant, deficient in a particular component, would allow
for a precise determination of the role of that component in cell function and pathogenicity.
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MATERIALS AND METHODS
BACTERIAL STRAINS AND CULTURE CONDITIONS

The anaerobic strains Porphyromonas (Bacteroides) gingivalis ATCC 33277, W12, W50
(ATCC 53978), W83, A7A1-28 (ATCC 53977), Porphyromonas asaccharolytica (Bacteroides
asaccharolyticus) ATCC 25260, Prevotella (Bacteroides) corporis ATCC 33547, Prevotella
(Bacteroides) denticola ATCC 33185, Prevotella intermedia (Bacteroides intermedius) ATCC

15032, Bacteroides levii ATCC 29147, Prevotella (Bacteroides) loescheii ATCC 15930,
Prevotella melaninogenica (Bacteroides melaninogenicus) ATCC 25845 were used. These are

members of a group known formerly as black-pigmented Bacteroides (BPB). In this dissertation
these organisms will be referred to in their former grouping. Porphyromonas gingivalis E51, a
PgAg1-deficient isogenic mutant of P.gingivalis ATCC 33277, was generated during the study.
All anaerobes were grown in brain heart infusion (BHI) broth (Difco Laboratories, Detroit, MI,
USA) supplemented with haemin (5 µg/ml) and vitamin K (1 µg/ml). All future references to
"BHI" medium will refer to BHI supplemented with haemin and vitamin K. Laked blood and agar
were added to BHI broth to final concentrations of 5%v/v and 1.5%w/v respectively, to prepare
BHI-blood agar plates. Erythromycin and gentamicin at final concentrations of 10 µg/ml and
200 gg/m1 were used in BHI medium when required. Use of additional supplements for a
specific experiment is mentioned when appropriate. Growth of cultures was at 37 ° C in an
anaerobic chamber (Coy Manufacturing, Ann Arbor, MI, USA) containing an atmosphere of
N2:H2:CO2 (85:10:5). Culture purity was assessed by phase-contrast microscopy, and colony
isolation on BHI-blood agar plates.
Escherichia co/i JM83, LE392, XL1, and J53 were used as hosts for plasmid DNA. Cultures

were grown in Luria-Bertani (LB) broth (221) at 37 ° C under aerobic conditions. Agar was added
(to 1.5%) to prepare LB agar plates. Ampicillin, kanamycin, and trimethoprim were used at final
concentrations of 100 14/ml, 50-75 µg/ml, and 200 gg/ml, respectively, in the medium when
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required. Use of a different antibiotic concentration for a specific procedure is mentioned when
appropriate.
Stocks of bacteria were maintained at -70°C in 10-20'%v/v glycerol.
P. gingivalis W50 was grown in vivo using Hartley guinea pigs in infectivity assays as

described by Grenier and McBride (91) .

ISOLATION OF MEMBRANES FROM PORPHYROMONAS GINGIVALIS

Membrane fractions from P. gingivalis were prepared by French pressure cell disruption of
whole cells, followed by differential centrifugation. Briefly, cells were harvested and washed
once with 0.85%w/v NaCI, and once with 20 mM N-2-hydroxyethylpiperazine-N'-2ethanesulphonic acid (HEPES) (pH 7.4). Cells were resuspended in lysis buffer (20 mM
HEPES (pH 7.4), 10 mM EDTA, 10 mM MgCl2, 20 µg/ml ribonuclease A (RNase A), 20 jig/m1
deoxyribonuclease I (DNase I), 20 mM N-a-tosyl-L-lysine chloromethyl ketone (TLCK), and 200
1.1,M phenylmethylsulfonyl fluoride (PMSF)) and broken by five rounds of French pressure cell
disruption at 20,000 psi in a cold Aminco French pressure cell (SLM Instruments Inc., Urbana,
IL, USA). The broken cell suspension was subjected to low speed centrifugation (6,000 xg, 15
minutes (min), 4°C) to pellet whole cells and cell debris. A membrane fraction was recovered
from the supernatant by centrifugation at 100,000 xg for 2 hours (hr) at 4°C. The membrane
pellet was washed once in 20 mM HEPES (pH 7.4), resuspended in membrane resuspension
buffer (20 mM HEPES (pH 7.4), 10 mM EDTA, 20 mM TLCK, 200 jiM PMSF), and stored frozen
at -20 ° C.

CELLULAR FRACTIONATION OF ESCHERICHIA COLI
E. coli cells were processed to obtain the following samples: whole cell extract, periplasmic

protein fraction, cytoplasmic protein fraction, total membrane fraction. For preparation of a
whole cell extract, bacterial cells were harvested and washed twice in 10 mM
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tris[hydroxymethylFaminomethane hydrochloride (Tris-HCI) (pH 7.4). The cells were
resuspended in lysis buffer (30 mM Tris-HCI (pH 7.4), 10 mM MgCl2, 20 pg/m1 RNase A, 20
j.19/m1 DNase I) to 1 /10th of the original volume and broken by two rounds of French pressure
cell disruption at 20,000 psi in a cold Aminco French pressure cell. The broken cell suspension
was subjected to low speed centrifugation (6,000 xg, 10 min, 4°C) to pellet unbroken cells. The
supernatant fraction was recovered as the whole cell extract preparation.
Periplasmic, cytoplasmic, and membrane fractions were obtained from E. coli cells by
osmotic shock treatment of whole cells, and spheroplast disruption. Details of the cellular
fractionation procedure are given in Figure 3.

GLUCOSE-6-PHOSPHATE DEHYDROGENASE ASSAY
Glucose-6-phosphate dehydrogenase activity was measured by a spectrophotometric assay
(312). The assay is based on oxidation of D-glucose-6-phosphate to D-glucono 8-lactone-6phosphate by glucose-6-phosphate dehydrogenase, in the presence of NAD. The rate of
reaction was determined by measuring the increase in absorbancy at 340 nm due to reduction
of NAD to NADH.
A reaction solution (1.45 ml) of 51 mM Tris-HCI (pH 7.8), 3.1 mM MgCl2, 0.2 mM NADP, and
3.4 mM glucose-6-phosphate was used as a blank. To initiate the reaction, 0.05 ml of test
sample was added to the reaction solution (time 0). Thereafter, the absorbance of the reaction
solution at 340 nm (A340) was recorded every minute, for 5 minutes. A plot of A340 versus time
was used to determine the rate of reaction (.A340/time) for each test sample. The assay was
performed on a set of samples with known glucose-6-phosphate dehydrogenase activity in
order to prepare a standard curve of AA340/time versus enzyme activity (units) per ml of test
sample. One unit of glucose-6-phosphate dehydrogenase activity was defined as the amount
that will oxidize 1.0 jimole of D-glucose-6-phosphate to D-glucono 8-lactone-6-phosphate per
minute at 25°C and pH 7.8, in the presence of NADP. Using the standard curve the enzyme
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FIGURE 3 Cellular fractionation of E. coil cells by osmotic shock treatment of whole cells, and
spheroplast disruption. The following samples were obtained: periplasmic protein fraction,
cytoplasmic protein fraction, total membrane fraction.
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activity per ml of each test sample was determined. To compare the activity in different cellular
fractions, the enzyme activity in each fraction was standardized for 100 ml broth culture.

ELECTROPHORETIC TECHNIQUES

Discontinuous SDS-PAGE was carried out using the buffer system of Laemmli (130). With
the exception of whole cells of BPB strains, samples were prepared for SDS-PAGE by adding
sample buffer (62.5 mM Tris-HCI (pH 6.8), 5%v/v p-mercaptoethanol, 1%w/v sodium dodecyl
sulphate (SDS), 10%v/v glycerol, and 0.012%w/v bromophenol blue) and heating at 95°C for 10
min unless otherwise stated. Whole cell lysate samples of BPB species were prepared for
SDS-PAGE as follows. BPB cells were harvested, washed twice with 0.85%w/v NaCI, and
incubated with 20 mM TLCK for 10 min on ice. Sample buffer was added and the preparation
was heated to 95°C for 10 min unless otherwise stated. Two sets of molecular weight
standards were used. Set 1 contained bovine serum albumin (66,200), ovalbumin (45,000),
gluteraldehyde-3-phosphate dehydrogenase (36,000), trypsinogen (24,000), p-lactoglobulin
(18,400), and lysozyme (14,300). Set 2 comprised the pre-stained proteins myosin (H-chain)
(224,000), phosphorylase B (109,000), bovine serum albumin (BSA) (72,000), ovalbumin
(45,800), and carbonic anhydrase (28,500). Unless otherwise stated, SDS-PAGE was carried
out using the Mini-PROTEAN IITm vertical electrophoresis system (Bio-Rad Laboratories,
Hercules, CA, USA).
Discontinuous non-denaturing polyacrylamide gel electrophoresis was carried out in the
same manner as SDS-PAGE except reagents were prepared without SDS. Samples for nondenaturing polyacrylamide gel electrophoresis were prepared by adding sample buffer (62.5
mM Tris-HCI (pH 6.8), 10% glycerol, and 0.012% bromophenol blue); heat was not applied.
Following electrophoresis, gels were treated in one of five ways: (i) stained for proteins with
0.13%w/v Coomassie brilliant blue R-250, (ii) stained for proteins with silver nitrate (196), (iii)
incorporated into a Western blot transfer sandwich (Trans-BlotTm Cell, Bio-Rad Laboratories) in
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order to electrophoretically transfer proteins (290) to nitrocellulose or ProBlottTM, (iv) processed
for detection of glutamate dehydrogenase activity, or (v) processed for autoradiography (for
samples containing radioisotopes).

ANTISERUM
Polyclonal antiserum to whole bacterial cells was generated by immunizing a female New
Zealand white rabbit. The rabbit was injected intramuscularly with 4 doses of whole cell
suspension (10 9 cells/dose). The first dose was administered with complete Freund's adjuvant
on day 1, the second dose with incomplete Freund's adjuvant on day 10, and the 3rd and 4th
doses comprised only bacterial cells on days 20 and 30, respectively. The rabbit was bled 7
days after the final injection. For each bacterial strain, serum collected from two immunized
rabbits was pooled for use in Western blot immunoassays and inhibition assays. Antiserum
was extensively adsorbed by incubation with E. coli JM83/pUC18 cells before use with E. coli
whole cell samples. Pre-immune serum was treated in the same manner as immune serum for
use as a control serum sample.
Polyclonal antiserum to each recombinant protein was generated by immunizing a rabbit
with antigen in a SDS-polyacrylamide gel mixture (98). Briefly, a sample containing
recombinant protein was solubilized in sample buffer, and proteins electrophoretically separated
in a SDS-polyacrylamide gel. The gel was washed with several changes of deionized water,
and stained briefly in Coomassie brilliant blue R-250, followed by further washes with numerous
changes of deionized water over a period of several hours. A horizontal strip containing the
recombinant protein was excised from the gel and macerated with a minimal amount of 50 mM
Tris-HCI (pH 7.2) in a mortar. The gel fragment mixture was passed repeatedly through a 22gauge needle until it became a slurry. Intramuscular injections of this antigen-gel mixture were
given with complete Freund's adjuvant on day 1 (approximately 150 gg of protein), and with
incomplete Freund's adjuvant on day 14. The rabbit was bled 8 days after the second injection.
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PURIFICATION OF ANTIBODIES

An IgG fraction was isolated from whole serum by adsorption and elution from a protein ASepharose CL (Sigma Chemical Co., St. Louis, MO) column (221).
A monospecific antibody preparation for each recombinant protein was isolated by affinity
purification using antigen bound to nitrocellulose. The protocol used was modified from the
method described by Smith and Fisher (254). Briefly, a sample containing recombinant protein
was solubilized in sample buffer, and proteins resolved in a SDS-polyacrylamide gel.
Separated proteins were transferred electrophoretically to nitrocellulose. Vertical strips on
either side of the blot were removed and stained for proteins with Coomassie brilliant blue R250. These were then re-aligned with the central section of the blot and used as templates to
excise a horizontal strip containing immobilized recombinant protein. The antigen strip was
treated with blocking buffer (3%w/v BSA in Tris-buffered saline (TBS) (pH 8.1) (50 mM Tris-HCI,
150 mM NaCI) containing 0.02%w/v sodium azide), then incubated for 2 hr at room temperature
with serum diluted by 1 /5 in blocking buffer. Following several washes of the antigen strip to
remove unbound material, monospecific antibodies were eluted from the strip by incubation with
1 ml of elution buffer (50 mM glycine, 0.5 M NaCI, 0.5:Aviv Tween 20 114 , 100 jig/m1 BSA; pH
2.3). The eluted antibody solution was immediately neutralized by the addition of an equal
volume of 100 mM Na2HPO4. Elution and neutralization were repeated, and the eluates
combined and added to 0.5 volume of blocking buffer. The components of the final affinity
purified antibody preparation were diluted 1 /20 relative to whole serum. For each antiserum,
the pre-immune serum was also subjected to the affinity purification procedure with immobilized
recombinant protein as the adsorbent.

WESTERN BLOT IMMUNOASSAY

Western blots were incubated for 1 hr with blocking buffer (3% BSA in TBS (pH 7.5) (20 mM
Tris-HCI, 0.5 M NaCI)), then washed for 10 min twice with 0.05%v/v Tween 20 111 in TBS . Blots
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were incubated for 2 hr at room temperature with primary antibody diluted in 1% BSA-TBS.
After washing, blots were incubated for 1 hr at room temperature with secondary antibody
diluted in 1% BSA-TBS. Following a washing step, blots were developed for visualization of
bound antigen-antibody complexes.
Two chromogenic detection methods were used. For immunoassays with antiserum raised
to P. gingivalis ATCC 33277 whole cells (aPg33277), the second antibody solution contained
goat anti-rabbit IgG-horseradish peroxidase conjugate (Bio-Rad Laboratories, Hercules, CA,
USA). The substrate for developing immunoblots was chloronapthol. For immunoassays with
other antisera and antibody preparations, the second antibody solution contained goat antirabbit IgG-alkaline phosphatase conjugate (Bethesda Research Laboratories (BRL) Inc.,
Gaithersburg, MD, USA). The immunoblot was developed with a solution containing 5-bromo-4chloro-3-indolylphosphate (BCIP) and nitroblue tetrazolium (NBT).

GENERAL RECOMBINANT DNA METHODS
Plasmid DNA was isolated by the alkali lysis method and further purified when necessary by
equilibrium centrifugation in cesium chloride-ethidium bromide gradients (221). Chromosomal
DNA was routinely extracted from bacterial cells by the miniprep method given in Ausubel et al.
(11). The method used for isolation of genomic DNA for generation of a DNA library is
described subsequently.
DNA was digested with restriction endonucleases according to the recommendations of the
manufacturer for each enzyme used. DNA fragments were analysed by agarose gel
electrophoresis (221) in a Tris-borate-EDTA buffer. Following electrophoresis, gels were
stained in a solution of 0.5 lig/mlethidium bromide to visualize the DNA bands. DNA fragments
in a AiHindIII preparation (BRL Inc., Gaithersburg, MD, USA) were used as DNA molecular
weight standards.
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Subcloning was done with DNA fragments separated in agarose gels which were prepared
and run in a Tris-acetate-EDTA buffer (221). The required fragment was excised from the
agarose gel and recovered by the phenol extraction technique described in Silhavy et al. (241).
Ligations were performed according to standard procedures (221). Transformations were by
the method of Chung et al. (41).

GENERATION OF DNA LIBRARY

Chromosomal DNA from P. gingivalis ATCC 33277 was isolated as follows. Bacterial cells
were harvested and washed once in TES buffer (pH 7.5) (50 mM Tris-HCI, 50 mM EDTA, 50
mM NaCI). Cells were resuspended in TES buffer containing 1.6% SDS, 50 µg/ml RNase A,
and incubated for 1 hr at 37°C. Proteinase K was added to a final concentration of 25 gg/ml,
and the mixture incubated for 1 hr at 37°C. Proteins were removed from the cell lysate by
extracting with buffer-saturated phenol (3 times), phenol/chloroform/isoamyl alcohol (25:24:1) (2
times), and chloroform/isoamyl alcohol (24:1) (once). To minimise shearing, the DNA mixture
was handled very gently. Following the extraction process, DNA was recovered from the
aqueous phase by ethanol precipitation. Chromosomal DNA was further purified by equilibrium
centrifugation in a cesium chloride-ethidium bromide gradient.
Purified genomic DNA was partially digested with Pstl enzyme and separated
electrophoretically in a 0.7% agarose gel. A band containing DNA fragments of 3-9 kilobases
(kb) was excised from the gel, and the DNA recovered by electro-elution (Model 422 Electroeluter, Bio-Rad Laboratories, Hercules, CA, USA). The DNA fragment preparation was mixed
with alkaline phosphatase-treated pUC18 linearized with Pstl, and T4 DNA ligase was added
with adenosine 5'-triphosphate (ATP) and dithiothreitol at final concentrations of 0.1 and 1 mM,
respectively. Ligation was carried out at 12°C for 16 hr in a final reaction volume of 50
The ligated DNA was used to transform E. coli JM83 made competent by calcium chloride
treatment (158). After incubation at 37°C for 2 hr in 1 ml of LB broth, the cell mixture was plated
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on LB agar containing ampicillin (100 gg/m1) and 5-bromo-4-chloro-3-indolyl-(3-Dgalactopyranoside) (X-gal) (50 RI of a 2%w/v solution). White colonies (recombinant clones)
were isolated for further analysis.

COLONY IMMUNOASSAY

Colonies grown on agar plates were blotted onto nitrocellulose filters. The cells were
partially lysed by exposure to chloroform vapour for 20 min and then air-dried. To complete cell
lysis, the filters were placed at room temperature overnight in a solution containing EDTA, Triton
X-100 114 , lysozyme, and 3% BSA. After a washing step, filters were incubated with aPg33277
in an immunoassay similar to that used with Western blots. The second antibody was goat antirabbit IgG-horseradish peroxidase conjugate. Chloronapthol was used as substrate to develop
filters for visualization of bound antigen-antibody complexes.

DETECTION OF PROTEOLYTIC ACTIVITY IN SKIM MILK-AGAROSE GELS

Skim milk-agarose gels (pH 5.3) for detection of proteolytic acitivity were prepared as given
in Foltmann et al. (69). The gel contained 1% agarose, 1% skim milk, and was supplemented
with 26 mM dithiothreitol when required.
Bacterial colonies grown on agar plates were blotted to nitrocellulose filters. The cells were
partially lysed by exposure to chloroform vapour for 20 min. The filter was laid, cell-side-down,
onto plates containing skim milk-agarose gel. The plates were incubated at 37°C in a
humidified chamber for development of proteolytic activity. During incubation, skim milkagarose gels were periodically checked for white clots (precipitates) of hydrolyzed casein which
signified proteolytic activity.
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HAEMAGGLUTINATION ASSAY

Haemagglutinating activity was assessed in U-bottom polystyrene microtitre plates or glass
agglutination tubes. Formalinized sheep or human erythrocytes were resuspended at a
concentration of 2%v/v in phosphate-buffered saline (PBS) (pH 7.2). Bacterial cells grown in
broth culture were harvested, washed once, and resuspended in PBS to an optical density of
between 1 and 3, at 660 nm (0D660). For screening of recombinant clones, colonies grown on
agar plates were individually picked and resuspended in 100 pi of PBS.
Equal volumes (100 pi) of erythrocytes and bacterial cells were added to the well of a
microtitre plate or an agglutination tube. The sample was gently shaken for 20 min at room
temperature, and allowed to sit for 1 hr before being scored for the presence of
haemagglutination. To determine a haemagglutination titre for a particular sample, the bacterial
cell suspension was diluted in a two-fold series with PBS, and 100 RI of each dilution analysed
for haemagglutinating activity. The titre for a particular cell strain was taken as the reciprocal of
the highest dilution showing positive agglutination.
For haemagglutination inhibition assays, haemagglutination-positive cells were used at a
dilution which was twice the minimum number of cells required to give a positive
haemagglutination reaction. The test inhibitor (an antibody sample, protein preparation, or
other) was diluted in a two-fold series with PBS. Equal volumes (50 gl) of bacterial cells and
inhibitor solution, or equal volumes (100 gl) of erythrocytes and inhibitor solution were
combined, and gently shaken for 1 hr at 4°C. A 100 volume of erythrocytes or bacterial cells,
respectively, was then added and the mixture incubated with gentle agitation for 20 min at 4°C.
The reaction mixture was allowed to sit for at least 1 hr before being scored for
haemagglutinating activity.
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SOUTHERN BLOT HYBRIDIZATION ANALYSIS
Southern blot hybridization analysis was performed using the BIuGENE Nonradioactive
Nucleic Acid Detection System (BRL Inc., Gaithersburg, MD, USA) with slight modifications on
the recommended protocol. Briefly, the probe was labelled with biotin using the BRL Nick
Translation System (BRL Inc., Gaithersburg, MD, USA). Test samples of plasmid and
chromosomal DNA were digested to completion with the appropriate restriction enzyme(s), and
electrophoresed in a 0.8% agarose gel. DNA in the gel was transferred to nitrocellulose by
capillary transfer using 20xSSC (3 M NaCI, 0.3 M sodium citrate; pH 7.0) as described in
Sambrook et al. (221). Hybridization was done overnight at 65 ° C with the probe in hybridization
buffer comprising 6xSSC, 50 mM Tris-HCI (pH 7.5), heat-denatured salmon sperm DNA (100
µg/ml), 0.5%w/v SDS, and 1% Denhardt's solution. The blot was washed two times in 2xSSC
containing 0.1% SDS at room temperature, two times in 0.2xSSC containing 0.1% SDS at room
temperature, and twice in 0.16xSSC containing 0.1% SDS at 55°C. After a brief rinse in 2xSSC
at room temperature, reactive bands were detected by incubation of the blot with streptavidinalkaline phosphatase followed by a substrate solution containing BCIP and NBT.

T7 RNA POLYMERASE/PROMOTER HIGH-LEVEL EXPRESSION SYSTEM
The T7 RNA polymerase/promoter high-level expression system used in this study was
developed by Tabor and Richardson (277). For details of the procedures used refer to Ausubel
et al. (11). A brief description of the system is given below.
Expression of recombinant proteins is from a two-plasmid system. One plasmid is the
expression vector which contains the bacteriophage T7 RNA polymerase promoter 010
upstream of the gene to be expressed. The second plasmid contains the T7 RNA polymerase
gene under the control of a heat-inducible E. coli promoter. Upon heat induction, the 17 RNA
polymerase is synthesized and initiates transcription on the expression vector, resulting in
expression of the gene(s) under the control of 010.
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Several expression vectors (the pT7 series) have been developed (Figure 4). These are
maintained in E. coli under ampicillin selection. The vector containing the T7 RNA polymerase
gene is designated pGP1-2 (Figure 5) and is maintained in E. coli under kanamycin selection.
The pT7 plasmids and pGP1-2 have compatible origins of replication. This allows an
expression vector and pGP1-2 to be maintained within the same E. coli cell.
The 2.9 kb DNA insert in the recombinant plasmid pBA1 was isolated and re-cloned in both
orientations into the two expression vectors pT7-6 and pT7-7. The DNA constructs obtained
comprised the series of pAJ recombinant plasmids. The pAJ plasmids were each introduced by
transformation into E. coli LE392 cells already containing the plasmid pGP1-2. E. coli
LE392/pGP1-2,pAJ strains were induced for expression of cloned gene products as follows.
E. coli LE392/pGP1-2,pAJ was grown under antibiotic selection at 30°C to early exponential

phase. The gene for T7 RNA polymerase was induced by raising the temperature to 42°C.
Cultures were maintained at 42°C for 30 min, then incubated at 37°C for 3 hours. Cells were
harvested and analysed for expression of recombinant proteins. All E. coli LE392/pGP1-2,pT7
or pAJ samples discussed subsequently were induced for cloned protein synthesis.
Recombinant proteins were also identified by exclusive radiolabelling during protein
synthesis. The procedure was as follows. E. coli LE392/pGP1-2,pAJ was grown at 30°C under
antibiotic selection to early exponential phase. Cells were harvested, washed once with M9
minimal medium, and resuspended in minimal medium supplemented with all the amino acids
except for cysteine and methionine (if
14 C-leucine

35 S-methionine

was to be used as label) or leucine (if

was to be used as label). Cells were grown at 30°C for 1 hr, then induced for T7

RNA polymerase by incubating at 42°C for 30 min. Rifampicin (a selective inhibitor of E. coli
RNA polymerase) was added to a final concentration of 600 µg/ml. Incubation at 42°C was
continued for a further 10 min. The cells were shifted to 30°C for 45 min. After the 30°C
incubation, 10 giCi of

35 S-methionine,

or 5 of
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14 C-leucine,

was added and the cells

FIGURE 4 The expression vectors pT7-5, pT7-6, and pT7-7. The pT7 plasmids are cloning

vectors that contain a T7 promoter and are used to express genes using T7 RNA polymerase.
All three vectors contain a T7 RNA polymerase promoter (010), a gene encoding ampicillin
resistance, and the ColE1 origin of replication. pT7-7 has a strong ribosome-binding site and
start codon (ATG) upstream of the multiple cloning site (MCS). pT7-5 and pT7-6 lack any
ribosome-binding site upstream of the MCS and are only useful when expressing genes that
have been cloned with the proper control sequences. (Reproduced from Ausubel et al. (11))
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FIGURE 5 Plasmid pGP1-2. The plasmid pGP1-2 contains the gene for T7 RNA polymerase

under the control of the X pi_ promoter. It also contains the gene for the A. repressor (c1857) that
is expressed under the control of the E. coli pi ac promoter. This repressor inhibits transcription
from the A. PL promoter at low temperature (30°C); however, at high temperature (42°C) it is
inactivated, resulting in induction of the pt_ promoter. Transcription from the pL promoter results
in synthesis of T7 RNA polymerase. pGP1-2 also contains a gene encoding kanamycin
resistance, and the p15A origin of replication. (Reproduced from Ausubel et al. (11))
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incubated at 30°C for a further 5 minutes. The cells were then harvested and analysed for
recombinant proteins as follows.
The cell pellet was resuspended in SDS-PAGE sample buffer, and heated to 95°C for 10
min. Samples were electrophoresed in an SDS-polyacrylamide gel. The gel was stained briefly
with Coomassie brilliant blue in order to visualize the protein standards, then treated with an
enhancing fluor if

14 C-leucine

was used as the radiolabel. The gel was dried onto Whatman

3MM paper and placed in contact with X-ray film (Kodak XAR-5). Cassettes containing gels
treated with an enhancing fluor were incubated at -70°C, otherwise incubation was at room
temperature. The X-ray film was examined periodically for the formation of an autoradiographic
image.

PARTIAL PURIFICATION OF 24, 33 kDa RECOMBINANT PROTEINS

Two methods were used to obtain preparations which were enriched for the 24 and/or 33
kDa recombinant proteins expressed in E. coli LE392/pGP1-2,pAJ167.
A fraction enriched for both the 24 and 33 kDa proteins (designated the 24/33K-enriched
preparation) was obtained by ultrasonication of E. coli cells, followed by differential
centrifugation. E. coli LE392/pGP1-2,pAJ 167 cells were harvested and resuspended in PBS
(pH 7.2). Pre-chilled cells were disrupted by ultrasonication (Sonifier model 350, Branson Sonic
Power, Danbury, CO, USA) with intermittent cooling on ice. The cell suspension was examined
for extent of cell breakage by phase contrast microscopy. A suspension of disrupted cells was
centrifuged at 5,000 xg for 5 min at 4°C to pellet unbroken cells. The supernatant was
recovered and centrifuged at 16,000 xg for 20 min at 4°C. The pellet (containing large insoluble
material including inclusion bodies of recombinant protein) was recovered and resuspended in
PBS. SDS-PAGE analysis showed this preparation to be enriched for both the 24 and 33 kDa
cloned proteins in comparison to a whole cell lysate sample.
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A partially purified 24 kDa preparation and a partially purified 33 kDa preparation were
obtained by preparative SDS-PAGE. E. coli LE392/pGP1-2,pAJ167 cells were harvested and
resuspended in SDS-PAGE sample buffer. The sample was loaded onto a 6 mm thick SDSpolyacrylamide gel (PROTEAN 11 rm (16 cm cell) vertical electrophoresis system, Bio-Rad
-

Laboratories, Hercules, CA, USA). Electrophoresis was carried out under cooling at a constant
current of 150 mA/gel for 3 hr. A vertical strip was cut from one side of the gel and stained for
proteins with Coomassie brilliant blue R-250. The strip was re-aligned with the remainder of the
gel and used as a template to excise horizontal strips containing each of the recombinant
proteins. Each horizontal strip was macerated in 10 mM Tris-HCI (pH 7.2), and the gel mixture
incubated with gentle agitation at 4°C for 16 hr to allow passive elution of proteins from the gel
into the buffer. The suspension was centrifuged at 12,000 xg for 20 min at 15°C to pellet the gel
pieces. The supernatant was recovered and passed throught a 0.22 gm filter in order to remove
residual polyacrylamide gel fragments. The protein preparation was dialysed against distilled
water, dried by lyophilization, and redissolved in 10 mM Tris-HCI (pH 7.2). SDS-PAGE analysis
showed the final preparations to be (i) a 24 kDa recombinant protein sample with minor
contaminating proteins in the 24-33 kDa range, (ii) a 33 kDa recombinant protein sample with
minor contaminating proteins in the 24-33 kDa range.

NH2-TERMINAL AMINO ACID SEQUENCING

The primary structure of the NH2-terminal portion of various proteins was determined by
automated protein sequencing. A sample containing the desired protein was electrophoresed in
a SDS-polyacrylamide gel, and proteins transferred electrophoretically to ProBlottml membrane
(Applied Biosystems Inc., Foster City, CA, USA). The membrane was stained with Coomassie
brilliant blue R-250 to localize the protein(s) of interest. Immobilized protein was excised from
the blot and the NH2-terminal amino acid sequence determined by automated Edman
degradation using an Applied Biosystems model 475A gas-phase sequenator.
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Phenylthiohydantoin amino acid residues were analysed by an on-line reverse-phase highpressure liquid chromatography unit (Applied Biosystems model 120). The National Biomedical
Research Foundation (NBRF) protein sequence database was searched for homologous amino
acid sequences using the FASTA computer program (210). Percentage amino acid homology
scores were also evaluated with this program. The automated amino acid sequence
determination and database analysis were carried out using the University of Victoria (Victoria,
Canada) protein sequencing facility.

PURIFICATION OF RECOMBINANT PgAg1
A flowchart showing the procedure used for purification of recombinant PgAg1 from E. coil
BA3 is shown in Figure 6. Briefly, E. co/i BA3 cells were disrupted, and the soluble fraction
containing rPgAg1 recovered for protein purification (this fraction was subsequently analysed in
assays for glutamate dehydrogenase activity). Proteins in this sample were separated by anion
exchange chromatography using a MonoQ ion exchange column (Pharmacia FPLC System,
Pharmacia, Uppsala, Sweden). Proteins were eluted from the column by a step gradient of 0.1
M NaCI, 0.2 M NaCI, and 1.0 M NaCI in 20 mM Tris-HCI (pH 7.4). The flowrate of the elution
buffer was maintained at 0.5 ml/min. Fractions were monitored spectrophotometrically at 280
nm, and those containing protein analysed further by SDS-PAGE for the presence and purity of
rPgAg1. The bulk of the recombinant protein eluted from the MonoQ column at 0.124-0.128 M
NaCI.
Fractions containing rPgAg1 were purified further through a Superose 12 gel filtration
column (Pharmacia FPLC System, Pharmacia, Uppsala, Sweden). The flowrate of the elution
buffer (pH 7.4) (20 mM Tris-HCI, 100 mM NaCI) was maintained at 0.05 ml/min. Fractions
containing protein were analysed by SDS-PAGE for the presence and purity of rPgAg1.
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FIGURE 6 Procedure for purification of recombinant PgAg1. Details of the chromatography
steps are given in the text.
E. coli BA3 late-log phase broth culture,

900 ml
centrifugation
7,000 xg, 10 min, 4°C
growth
medium
cells
wash, lx
with 20 mM Tris-HCI (pH 7.4)
resuspend in 45 ml of
20 mM Tris-HCI (pH 7.4) containing 10 mM
MgCl2, 20 ptg/mIRNase A, 20 ug/mIDNase I
French pressure cell disruption, 2x
at 20,000 psi
centrifugation
100,000 xg, 1 hr, 4°C
pellet
supernatant
=SOLUBLE FRACTION
concentrate 10-fold
by lyophilization
dialyse in 20 mM Tris-HCI (pH 7.4)
centrifugation
6,000 xg, 5 min, RT
pellet
supernatant
pass through a 0.22 um filter

.4(^

anion exchange chromatography
using a FPLC MonoQ column

rPgAg1-containing fractions
gel filtration chromatography
using a FPLC Superose 12 column

FRACTIONS CONTAINING PURE rPgAg1

61

PARTIAL PURIFICATION OF NATIVE PgAg1

The native PgAg1 protein was partially purified from P. gingivalis ATCC 33277 using a
modification of the procedure given in Curtis et al. (45). A flowchart showing the purification
schedule is given in Figure 7. Briefly, P. gingivalis cells were harvested and treated with
protease inhibitors. EDTA was added to a final concentration of 100 mM and the cell
suspension was incubated at 60°C for 30 min, then chilled on ice for 10 min. The cells were
disrupted and the soluble fraction containing PgAg1 recovered for protein purification. The
PgAg1-containing sample was applied to a MonoQ column (Pharmacia FPLC System,
Pharmacia, Uppsala, Sweden). Proteins were eluted from the column by a step gradient of 0.1
M, 0.2 M, and 1.0 M NaCI in 20 mM Tris-HCI (pH 7.4). The flowrate of the elution buffer was
constant at 0.5 ml/min. Fractions were monitored spectrophotometrically at 280 nm, and those
containing protein analysed by SDS-PAGE for the presence and purity of PgAg1. PgAg1 eluted
from the MonoQ column at 0.124-0.128 M NaCI.

NUCLEOTIDE SEQUENCING AND SEQUENCE ANALYSIS

DNA sequence determination was by an automated fluorescent procedure based on the
Sanger dideoxy-chain termination method (222). The T a q DyeDeoxy Terminator Cycle
Sequencing Kit (Applied Biosystems Inc., Foster City, CA, USA) was used as per the
manufacturer's recommendations. Dideoxynucleoside triphosphates (ddNTPs) conjugated to
fluorescent dyes were provided to label the sequencing reaction products. As template DNA in
the sequencing reactions, a stock preparation of double-stranded pBA3-7 plasmid (2 kb insert
DNA) was prepared by the alkaline lysis/polyethylene glycol (PEG) precipitation method given in
the Sequencing Kit instructions.
Nucleotide sequence data was obtained by stepwise sequencing along both strands of the
cloned DNA fragment. Initially, the universal and reverse primers of pUC18 were used.
Thereafter, customized synthetic primers (24-mer) were utilized at 250 to 300 basepair intervals
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FIGURE 7 Procedure for partial purification of native PgAg1. Details of the chromatography
step is given in the text.
P. gingivalis ATCC 33277

late-log phase culture,
400 ml
centrifugation
6,000 xg, 30 min, 4°C
growth
medium
cells
resuspend in 7 ml of
20 mM Tris-HCI (pH 7.4)
add TLCK and PMSF to
final concentrations of
20 mM and 0.2 mM, respectively, and
incubate on ice for 10 min
add EDTA to a final
concentration of 100 mM, and
incubate in a 60°C waterbath
for 30 min
chill on ice for 10 min
add MgCl2, RNase A, and DNase I
to final concentrations of 10 mM,
20 gg/ml, and 20 µg/ml, respectively
French pressure cell disruption, 5x
at 20,000 psi and 4°C
centrifugation
6,000 xg, 10 min, 4°C
pellet
=unbroken cells
supernatant
=whole cell extract

1

(see next page)
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P. gingivalis ATCC 33277

whole cell extract

centrifugation
100,000 xg, 1 hr, 4°C
pellet

Y
supernatant
=SOLUBLE FRACTION
concentrate by
lyophilization
dialyse in 20 mM Tris-HCI (pH 7.4)
pass through a 0.221.1m filter
anion exchange chromatography
using a FPLC MonoQ column

FRACTIONS CONTAINING PgAg1
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on both strands as new DNA sequence data became available. Customized primers were
supplied by the University of British Columbia oligonucleotide synthesis laboratory. Thermal
cycling of the sequencing reactions was carried out using an EriComp, Inc. (San Diego, CA,
USA) TwinBlock Thermal Cycler.
Nucleotide sequence information was obtained by analysing the sequencing reaction
products using the Applied Biosystems model 373A DNA sequencer. The reaction products in
each sample were separated by polyacrylamide gel electrophoresis. Computerized scanning of
the resolved reaction products for fluorescence emission provided a spectrum corresponding to
the nucleotide sequence for a particular interval in the cloned DNA fragment. The DNA
sequencer was operated by the University of British Columbia DNA sequencing facility.
Both strands of DNA were completely sequenced, and a definitive nucleotide sequence for
the insert DNA obtained. The nucleotide sequence was analysed using the following computer
programs: (i) DNA Strider (version 1.0) (Service de Biochimie, Department de Biologie, Institut
de Recherche Fondamentale Commissariat a l'Energie Atomique, France) was used to search
for open reading frames, to predict protein sequences from nucleic acid data, and to analyse
hydropathy of polypeptides, (ii) PC/Gene (release 6.5) (IntelliGenetics Inc., Mountain View, CA,
USA) was used to locate potential promoter sequences and prokaryotic ribosomal binding sites,
and to search for a potential leader peptide. The SWISS-PROT, PIR, and GenBank databases
were searched for homologous amino acid sequences by the BLAST (4) network service at the
National Center for Biotechnology Information, National Institutes of Health, USA.

IMMUNOGOLD LABELLING OF BACTERIAL CELLS
Bacterial cells were harvested and resuspended in PBS (pH 7.2) to 013660 of 0.85. The cell
suspension was placed on 200-mesh nickel grids coated with FormvarTM or CollodionTM.
Excess liquid was removed and the cell labelling assay performed by floating grids (specimen
side down) successively on the surface of a drop of each of 3% BSA in TBS (pH 7.5) (20 mM
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Tris-HCI, 0.5 M NaCI), affinity purified antibodies diluted in 1% BSA-TBS, and goat anti-rabbit
IgG-10 nm gold bead conjugate (Sigma Chemical Co., St Louis, MO, USA) diluted in 1% BSATBS. Between each solution, grids were washed thoroughly with TBS. Cells were negatively
stained with 0.5%w/v ammonium molybdate and viewed with a Zeiss EM 10C or Phillips 300
transmission electron microscope.

GLUTAMATE DEHYDROGENASE ASSAY

Glutamate dehydrogenase activity was measured by a spectrophotometric assay modified
from that given in Hammer and Johnson (93). The assay is based on reduction of aketoglutarate to glutamate, in the presence of NADH. The rate of reaction was determined by
measuring the decrease in absorbancy at 340 nm due to oxidation of NADH to NAD.
A volume of 35 ptl of test sample was added to a solution (475 ptl) of 158 mM Tris-HCI (pH
8.1), 189 mM NH4CI, and 0.1 mM NADH. The solution was used to blank a spectrophotometer
at a wavelength of 340 nm. To start the reaction, 25 of 100 mM a-ketoglutarate was added
(time 0). Thereafter,

A340

of the reaction solution was recorded every 20 seconds until no

further decrease in absorbance was observed. A plot of

A340

versus time was prepared for

each test sample.
Vials containing known amounts of NADH were commercially available as pre-weighed
preparations (Sigma Chemical Co., St Louis, MO, USA) used for calibration of
spectrophotometers employed for absorbance measurements of NAD(P)H solutions at 340 nm.
A standard curve relating NADH concentration (jimole/m1) to

A340

was constructed. The

standard curve was used to determine the rate of reaction for each test sample, expressed as
ANADH concentration/time. This rate of reaction was converted to enzyme activity (units) per
ml of reaction solution, where one unit of glutamate dehydrogenase activity was defined as the
amount required to reduce 1.0 gmole of a-ketoglutarate to L-glutamate per minute at 25°C and
pH 8.1, in the presence of ammonium ions and NADH. The enzyme activity per ml of test
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sample was determined by correcting for dilution of the sample in the reaction solution. The
protein concentration of each sample was determined in order to calculate specific activity.
Bovine glutamate dehydrogenase of known specific activity (Sigma Chemical Co., St. Louis,
MO, USA) was used as a positive control sample in all assays.
Glutamate dehydrogenase activity was also examined by evaluating the oxidation of
glutamate to a-ketoglutarate as follows. A volume of 25

ftl

of test sample was added to a

solution (42511.1) of 111 mM Tris-HCI (pH 8.0) and 0.1 mM NAD. The solution was used to blank
a spectrophotometer at 340 nm. To initiate the reaction, 50 of 0.9 M glutamate was added
(time 0). Thereafter, the absorbance of the reaction solution was recorded every 20 seconds
until no further increase in absorbance was observed.

GLUTAMATE DEHYDROGENASE ZYMOGRAM

Glutamate dehydrogenase activity was visualized in polyacrylamide gels (66) as follows.
Test samples were electrophoresed in a non-denaturing polyacrylamide gel. Glutamate
dehydrogenase activity was detected by incubating the gel in a solution of 88 mM Tris-HCI (pH
8.5) containing 57 mM glutamate, 0.7 mg/ml NAD or NADP, 23 gg/m1 phenazine
methosulphate, and 0.4 mg/ml nitroblue tetrazolium dye. Where enzyme activity was present in
the gel, a dark purple band formed due to precipitated dye.

GENERATION OF AN ISOGENIC MUTANT STRAIN

A PgAg1-deficient isogenic mutant of P. gingivalis ATCC 33277 was generated by the
following procedure. The recombinant plasmid pBA3-3 contains an intact structural gene
(pgagl) for the protein PgAg1. Plasmid pBA3-3 was digested with Accl, and a 5.5 kb digestion

product recovered. The ends of the DNA molecules were filled-in by treatment with Klenow
fragment in the presence of deoxynucleoside triphosphates. This was followed by treatment
with calf intestinal alkaline phosphatase in order to remove 5'-terminal phosphates. The treated
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5.5 kb fragment was ligated to a 3.4 kb EcoRI-Clal DNA fragment isolated from plasmid pNJR5.
The DNA construct obtained was designated pBA3-10, and was maintained in E. coli by
ampicillin selection. Plasmid pNJR5, a Bacteroides-E. coli shuttle vector (239), was kindly
supplied by Nadja Shoemaker and Abigail Salyers (University of Illinois, Urbana, IL, USA). The
plasmid pBA3-10 contained a modified pgagl gene. An internal 400 basepair portion of pgagl
was replaced with the Bacteroides Emr gene
A 9.7 kb BamHI-Clal fragment was isolated from pNJR5, and treated with calf intestinal
alkaline phosphatase to remove 5'-terminal phosphates. The treated 9.7 kb fragment was
ligated to a 5.7 kb BamHI-Chal fragment isolated from pBA3-10. The DNA construct obtained
was designated pJOE1, and was maintained in E. coli by kanamycin selection. Plasmid pJOE1
constituted a E. coli-Bacteroides shuttle-suicide vector carrying a mutated allele of pgagl.
For mobilization of pJOE1 from E. coil to P. gingivalis, the helper plasmid R751 in E. co/i J53
was introduced into E. coli XL1/pJOE1 by an E. coli-E. coli mating. Transconjugants carrying
both plasmids were isolated on medium containing kanamycin (to select for pJOE1) and
trimethoprim (to select for R751).
The deletion-disrupted pgagl gene was introduced into P. gingiva/is ATCC 33277 as
follows. Cultures of E. co/i XL1/R751,pJ0E1 and P. gingivalis ATCC 33277 were grown to
early-exponential phase (0D660=0.2). A volume of 0.2 ml of E. coli XL1/R751,pJ0E1 and 1 ml
of P. gingivalis were mixed in a sterile microfuge tube, and the combined cells harvested. The
cells were resuspended in 0.2 ml of pre-reduced BHI broth. The cell mixture was transferred to
a sterile cellulose membrane (catalog number HAWP 025 00, Millipore, Bedford, MA, USA)
placed on top of pre-reduced BHI-blood agar. The BHI-blood agar plate was left to sit on the
bench for a short time to allow liquid from the applied cell suspension to diffuse through the
membrane into the agar. The BHI-blood plate containing cells immobilized on the membrane
was then incubated anaerobically at 37°C for 48 hours. The membrane was removed from the
agar plate, and cells were shaken off into 3 ml of pre-reduced BHI broth. Aliquots of 0.2 ml of
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the cell suspension were plated onto pre-reduced BHI-blood agar plates containing 10 jig/m1
erythromycin and 200 gg/m1 gentamicin (primary selection plates). The plates were incubated
anaerobically at 37°C for 4 weeks. During that time, plates were checked periodically for the
appearance of P. gingivalis colonies.
Colonies appearing on primary selection plates were passaged twice on BHI-blood agar
plates supplemented with erythromycin and gentamicin. Those strains which were viable on the
third selection plate were inoculated into BHI broth containing 10 µg/ml erythromycin. The broth
culture was used to prepare frozen stock, and whole cell samples for SDS-PAGE analysis.

COAGGREGATION ASSAY

The relative coaggregating ability of P. gingivalis strains ATCC 33277 and E51 to the plaque
bacterium Actinomyces naeslundii was assessed as follows. P. gingivalis ATCC 33277 cells
were harvested and resuspended in 50 mM Tris-HCI (pH 7.5) to an OD660 of 1. Actinomyces
naeslundii PK606 cells (provided by Paul Kolenbrander, NIDR, NIH, Bethesda, MD, USA) were

harvested and resuspended in 50 mM Tris-HCI (pH 7.5) to an OD660 of between 1 and 2. The
A. naeslundii cell suspension was diluted in a two-fold series with Tris buffer. Equal volumes

(100 RI) of P. gingivalis ATCC 33277 cells and A. naeslundii cells were added to glass
agglutination tubes. The samples were shaken gently for 5 min, and left to sit for 30 min before
the coaggregation scores were recorded. The A. naeslundii sample tested in the last tube
exhibiting detectable coaggregation was taken as the dilution of A. naeslundii at which to
compare the relative coaggregating ability of the two P. gingivalis strains.
P. gingivalis ATCC 33277 and E51 cell suspensions of equal cell density (0D660=1) were

diluted in two-fold series. An equal volume (100 pi) of P. gingivalis and A. naeslundii cells were
combined and assessed for coaggregating ability as above. The coaggregation titre for each
P. gingivalis strain was taken as the reciprocal of the highest dilution showing positive

coaggregation with A. naeslundii
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PROTEIN ASSAY
Protein concentration was measured using the Bradford reagent obtained from Bio-Rad
Laboratories (Hercules, CA, USA). Bovine serum albumin was used as standard.
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RESULTS
1. GENOMIC LIBRARY AND SCREENING OF CLONES

A P. gingivalis genomic library was generated using the cloning vector pUC18 and host
strain Escherichia coli JM83. White colonies of E. coli on medium containing ampicillin and Xgal denoted strains which carried plasmid containing inserted DNA. The P. gingivalis DNA
library which was obtained comprised a total of 5451 recombinant clones. To detect strains
carrying genes encoding putative cell surface virulence factors of P. gingiva/is, clones were
screened for (i) proteolytic activity, (ii) haemagglutinating activity, and for (iii) immunological
reactivity with antiserum raised to P. gingivalis ATCC 33277 whole cells (aPg33277).

1.1 Proteolytic activity
The initial screening of recombinant clones for proteolytic activity was by incubation of lysed
colonies on agarose gels (pH 5.3) containing skim milk. The intensity of degraded casein
precipitates (visible as white "clots") within the skim milk-agarose gel signified the level of
proteolytic activtiy exhibited by each clone (Figure 8). Screening of the DNA library revealed 17
clones which appeared to have an increased level of proteolytic activity over an E. coli
JM83/pUC18 control strain. These clones were regarded as strains potentially expressing
protease genes cloned from P. gingivalis.
Attempts were made to identify the recombinant proteins (i) in SDS-PAGE protein profiles of
whole cell lysates of the clones, and (ii) by Western blot immunoassay analysis of the clones
using aPg33277 and an antiserum raised to a 29 kDa P. gingivalis glycylprolyl protease (aPRT)
(89, 90). Recombinant proteins were not detected by examination of the protein profiles, or by
immunological reactivity with aPg33277 or aPRT. Analysis of the clones by a protease
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FIGURE 8 Identification of recombinant E. coli clones expressing increased proteolytic activity.
Proteolytic activity within lysed colonies placed on skim milk-agarose gels (pH 5.3) was
visualized by precipitation of degraded casein fragments, which appeared as white areas
against an almost-clear background. An E. coil clone exhibiting increased proteolytic activity
over other E. coil strains is indicated by an arrow.
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zymogram using BSA as a substrate also did not yield information on the identity of the putative
recombinant proteases.
It was not clear that a P. gingivalis protease was being expressed from any of the clones in
repeated attempts to measure and characterize the proteolytic activities; nor were the levels of
activity in these clones stably maintained. It is possible that the increased levels of proteolytic
activity observed for these strains in the initial screening process, were due to increased
expression of E. coil proteases. The potential protease clones were not studied further.

1.2 Haemagglutinating activity
The P. gingivalis genomic library was examined for recombinant clones exhibiting
haemagglutinating acitivity . Screening of suspensions of whole cells revealed the presence of
two strains which agglutinated erythrocytes (Figure 9). Adhesins located on the surface of
these E. coli clones appeared to be responsible for the haemagglutination reaction. Restriction
mapping of the insert DNA in the recombinant plasmids in each of the haemagglutinationpositive strains showed that the cloned fragments of P. gingivalis DNA were the same. The two
strains expressing putative haemagglutinins of P. gingivalis therefore appeared to be identical.
The haemagglutinin clone was designated E. coil BA1. Further studies on this strain are
described below (section 2).

1.3 Immunological activity
In order to identify clones expressing P. gingivalis cell surface components, which may or
may not be biologically active, the DNA library was screened by colony immunoassay using
antiserum raised to whole cells of P. gingivalis ATCC 33277. A total of 337 clones reacted in
the colony immunoassay, of which 74 appeared to be strongly reactive with this antiserum
(Figure 10). The proteins expressed by the strongly reactive clones were investigated by
examination of SDS-PAGE protein profiles, and by Western blot immunoassay analysis using
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FIGURE 9 Identification of recombinant E. coli clones expressing haennagglutinating activity.
Each well contains whole cells of a unique recombinant clone resuspended in PBS, and mixed
with formalinized erythrocytes. Wells D7 and F2 (marked by arrows) show two clones which are
haemaggluti nation-positive.
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FIGURE 10 Identification of recombinant E. coli clones expressing putative cell surface

components of P. gingivalis by colony immunoassay. Colonies of recombinant clones were
transferred to nitrocellulose filters and lysed with chloroform. The cell lysates were reacted with
antiserum raised to whole cells of P. gingivalis ATCC 33277. The filter shows two clones which
appear to express innmunoreactive recombinant proteins.
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aPg33277. Ten clones showed evidence of detectable recombinant proteins. The
characteristics of three of these cell surface antigen clones (designated E. coli BA2, BA3, and
BA4) are presented in Table 2 and Figure 11. In a comparison of the protein profiles of the
clones with that of E. coli JM83/pUC18 (Figure 11A), clones BA2 and BA4 both showed a
unique protein band of approximately 31 kDa. However, recombinant proteins of 21 kDa and 52
kDa in clones BA2 and BA4, respectively, appeared to react with aPg33277 (Figure 11 B). Of
particular interest was clone BA3, which highly expressed a recombinant protein of apparent
molecular weight 48 kDa. Several adhesins of P. gingivalis are of a similar size, therefore it was
possible that the cloned protein was a potential colonization factor. Clone BA3 was chosen for
further investigation. Characterization of the cloned DNA and the recombinant gene product is
discussed in section 3.

2. CHARACTERIZATION OF CLONE ESCHERICHIA COLI BA1
2.1 Restriction map
Recombinant plasmid (designated pBA1) was isolated from the haemagglutination-positive
clone E. coli BA1. The 2.9 kb Psti-Pstl P. gingivalis DNA fragment in pBA1 was characterized
by restriction endonuclease mapping (Figure 12). The DNA insert contains single cleavage
sites for the restriction enzymes Bg/II, Smal, Sphl, and Xhol.

2.2 Southern blot hybridization
To confirm that the cloned DNA originated from the P. gingivalis chromosome, the 2.9 kb
Pstl-Pstl fragment was isolated from pBA1 and used as a probe in Southern blot hybridization

analysis of Pstl-digested genomic DNA from P. gingivalis ATCC 33277. The probe hybridized
to a single 2.9 kb fragment in the genomic DNA sample (Figure 13). This indicated that the
cloned DNA fragment was from P. gingivalis. The detection of a single hybridizing band
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TABLE 2 Characteristics of clones expressing Porphyromonas gingivalis

cell surface components

Strain

Construction

Insert size (kb)

Size of recombinant
protein* (kDa)

BA2

E. coli JM83/pBA2

4.2

21

BA3

E. coli JM83/pBA3

3.7

48
(minor band at 25)

BA4

E. coli JM83/pBA4

8.3

52
(minor band at 39)

*as determined from immunoreactive bands on Western blots reacted with aPg33277

77

FIGURE 11 SDS-PAGE analysis of recombinant E. coli clones expressing putative P. gingivalis
cell surface components. (A) SDS-12% polyacrylamide gel stained with Coomassie brilliant
blue R-250. Lanes: cell lysate of 1, E. co/iJM83/pUC18; 2, E. coli BA2; 3, E. coli BA3; 4, E. coli
BA4. (B) Western blot of the gel reacted with antiserum raised to whole cells of P. gingivalis
ATCC 33277. Lanes: cell lysate of 1, P. gingivalis; 2, E. coli JM83/pUC18; 3, E. coli BA2; 4,
E. coli BA3; 5 and 6, E. coil BA4. Numbers on the left indicate molecular mass in kilodaltons.
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FIGURE 12 Restriction map of the recombinant plasmid pBA1. pBA1 was constructed from
insertion of a 2.9 kb fragment of P. gingivalis ATCC 33277 chromosomal DNA into the multiple
cloning site of pUC18. The direction of transcription of the bla (Apr) and IacZ' genes are
indicated by the arrows.
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FIGURE 13 Southern blot hybridization analysis of chromosomal DNA from P. gingivalis ATCC
33277 with probe from pBA1. (A) 0.8% agarose gel stained with ethidium bromide; (B)
Southern blot of the gel probed with the 2.9 kb Pstl-Pstl fragment from pBA1. Lanes: S,
molecular weight standards; 1, Psti-digested pBA1; 2, Pstl-digested genomic DNA from

P. gingivalis ATCC 33277. Numbers on the left indicate size in kilobases.
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suggests that the genes carried on the DNA insert are present in a single copy in the genome of
this organism.

2.3 Search for recombinant protein in Escherichia coli BA1
Several attempts were made to identify recombinant protein expressed from the plasmid
pBA1. In a comparison of SDS-PAGE protein profiles of E. coil JM83/pUC18 and BA1 strains,
no proteins were observed to be unique to the putative haemagglutinin clone.
A whole cell lysate sample of BA1 was probed with aPg33277 and an antiserum raised to a
43 kDa haemagglutinin isolated from P. gingivalis ATCC 33277 (aHA) (243). Analysis of BA1
by Western blot immunoassay did not reveal any immunologically reactive proteins to help
elucidate the identity of the recombinant protein.
As whole cells of E. coil BA1 exhibited haemagglutinating activity, it appeared that the
putative recombinant haemagglutinin was located on the surface of the cloning host. Polyclonal
antiserum was generated to whole cells of BA1 with the hope of obtaining antibodies directed
towards the recombinant molecule. Before use, the antiserum was adsorbed several times with
whole cells of E. coil JM83/pUC18. The resulting antibody preparation was designated aBA1.
Whole cell lysate samples of BA1 and P. gingivalis were probed by Western blot immunoassay
using aBA1. No unique immunoreactive bands were observed to identify either the
recombinant protein or the corresponding native protein. The aBA1 antibody preparation was
also tested for ability to inhibit P. gingivalis haemagglutinating activity. Pre-incubation of
P. gingivalis cells with aBA1 did not appear to prevent P. gingivalis from agglutinating

erythrocytes.
It appeared that the recombinant gene product was expressed from the cloned DNA at too
low a level to be detected by the methods which were used.
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2.4 Hiab-level expression of recombinant proteins
In order to clearly determine the nature of the recombinant protein expressed from the
cloned P. gingivalis DNA fragment, it was decided to re-clone the 2.9 kb fragment into a highlevel expression system. The system of choice was developed by Tabor and Richardson (277)
and utilizes the bacteriophage T7 RNA polymerase and T7 RNA polymerase promoter 010. A
description of the vectors and use of the inducible two-plasmid expression system is given in
the Materials and Methods.
The 2.9 kb P. gingivalis DNA fragment was cloned into the vector pT7-7 (Table 3). Two
recombinant proteins of apparent molecular weights 24 and 33 kDa were expressed from
cloned genes in plasmid pAJ167 (Figure 14, lane 6). The recombinant gene products formed
inclusion bodies existing inside the expression host E. coli LE392. In plasmid pT7-7, both a
ribosomal binding site (rbs) and an ATG translational start signal are supplied downstream of
the promoter 010; these translational elements precede the multiple cloning site. Cloning of the
2.9 kb fragment into pT7-6 to generate pAJ076, resulted in expression of the 33 kDa
recombinant gene product only (Figure 14, lane 4). In comparison to pT7-7, plasmid pT7-6
does not supply a rbs or a translational start signal for expression of proteins from inserted
DNA. These results indicated that the complete structural gene for the 33 kDa recombinant
protein had been isolated; furthermore, synthesis of the gene product was initiated from a rbs
which had been cloned along with the structural gene. The direction of transcription of the gene
was from the AccilPst1 end of the cloned fragment. The 24 kDa recombinant protein appeared
to be dependent on a supplied ATG translational start codon and/or an exogenous rbs. This
suggested that the cloned gene expressing the 24 kDa protein may be incomplete. The DNA
encoding the 24 kDa gene product was transcribed in the same direction as the gene for the 33
kDa protein. From the orientation of the cloned 2.9 kb fragment in the original recombinant
plasmid pBA1, it was apparent that the direction of transcription of the cloned genes in this
plasmid was opposite to the direction of transcription from the IacZ' promoter on the cloning
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TABLE 3 Expression of recombinant proteins from a Porphyromonas gingivalis

2.9 kb Pstl-Pstl DNA fragment

Recombinant
plasmid

pT7 vector

Orientation of insert DNA*

Recombinant protein
expressed

pAJ052

pT7-6

forward

none detected

pAJ076

pT7-6

reverse

33 kDa

pAJ171

pT7-7

forward

none detected

pAJ167

pT7-7

reverse

24 kDa, 33 kDa

* forward = insert DNA oriented with respect to the promoter 4)10, in the same direction
as the orientation of insert DNA with respect to the IacZ' promoter in pBA1
reverse = insert DNA oriented with respect to the promoter 4)10, in the opposite
direction as the orientation of insert DNA with respect to the lacZ' promoter
in pBA1
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FIGURE 14 Identification of recombinant proteins using a T7 RNA polymerase/promoter
expression system. The 2.9 kb Pstl-Pstl fragment from pBA1 was re-cloned into pT7 vectors of
Tabors T7 RNA polymerase/promoter high-level expression system. E. coli clones were
induced for expression of recombinant proteins, and cell lysates examined in a SDS-15%
polyacrylamide gel stained with Coomassie brilliant blue R-250. Lanes: cell lysate of E. coil
strain 1, LE392/pGP1-2,pT7-6; 2, LE392/pGP1-2,pT7-7; 3, LE392/pGP1-2,pAJ052; 4,
LE392/pGP1-2,pAJ076; 5, LE392/pGP1-2,pAJ171; 6, LE392/pGP1-2,pAJ167. Numbers on the
left indicate molecular mass in kilodaltons.
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vector. Expression of the cloned genes in pBA1 would therefore not be under the control of the
IacZ' promoter. In light of the results obtained using the T7 RNA polymerase/promoter system,

it seemed that the 24 kDa gene product was unlikely to be expressed in the original clone E. coil
BA1. The 33 kDa gene product was probably the only recombinant protein synthesized in BA1.
This molecule warranted further investigation as the putative haemagglutinin cloned from
P. gingivalis.

The identity of the proteins encoded by genes on the 2.9 kb P. gingivalis DNA fragment was
validated by exclusive radiolabelling during protein synthesis. Proteins expressed in E. coil from
the recombinant plasmids pAJ052, pAJ076, pAJ171, and pAJ167 were investigated (Table 3).
Rifampicin was used to selectively inhibit E. coli RNA polymerase, allowing only the genes
under the control of the T7 RNA polymerase to be transcribed. Proteins synthesized from
genes on the cloned DNA fragment were identified by incorporation of either
14 C-leucine,

35 S-methionine

or

SDS-PAGE protein separation, and autoradiography (Figure 15). Specific

radiolabelling of gene products encoded within the cloned 2.9 kb DNA fragment confirmed
earlier observations that 24 and 33 kDa recombinant proteins are produced.

2.5 Immunological characterization of recombinant and native proteins
Immunological studies were conducted to determine the relationship between the 24 and 33
kDa recombinant proteins and P. gingivalis.
^2.5.1^Analysis of the 24 and 33 kDa recombinant proteins
Whole cell lysate samples of E. coil LE392/pGP1-2,pAJ167 containing the 24 and 33 kDa
cloned proteins were examined by Western blot immunoassay, probing with aPg33277 and
aHA. The recombinant proteins did not react with antibodies in either antiserum preparation.
2.5.2^Analysis of Escherichia coil BA1 and Porphyromonas gingivalis
Polyclonal antisera were raised to the 24 and 33 kDa proteins. Antibodies were affinity
purified from whole serum in order to obtain antibody preparations specific to each of the
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FIGURE 15 Identification of 24 and 33 kDa cloned proteins by exclusive radiolabelling. The 2.9
kb Pstl Pstl fragment from pBA1 was re-cloned into pT7 vectors of Tabor's T7 RNA
-

polymerase/promoter high-level expression system. Clones were induced for expression of
recombinant proteins in the presence of rifampicin, which inhibits E. coli RNA polymerase.
Cloned proteins synthesized from genes under the control of the phage T7 RNA polymerase,
were identified by incorporation of either 35 S-methionine (A, B) or 14 C-leucine (C). Cell lysates
were electrophoresed on SDS-polyacrylamide gels, followed by autoradiography. Samples: cell
lysate of E. coil strain 1, LE392/pGP1-2,pT7-7; 2, LE392/pGP1-2,pAJ167; 3, LE392/pGP12,pAJ171; 4, LE392/pGP1-2,pT7-6; 5, LE392/pGP1-2,pAJ076, 6, LE392/pGP1-2,pAJ052.
Samples in lanes marked "a", were not induced for expression of cloned proteins; "b", were
induced for cloned proteins in the absence of rifampicin; "c", were induced for expression of
cloned proteins in the presence of rifampicin. Numbers on the left indicate molecular mass in
kilodaltons.
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recombinant gene products (Figure 16). The antibody preparation for the 24 kDa cloned protein
(a24K) and the antibody preparation for the 33 kDa recombinant protein (a33K) were used to
probe the original haemagglutination-positive clone BA1 and P. gingivalis.
In Western blot immunoassays, there was no detectable reactivity between proteins in a
whole cell lysate sample of BA1 and antibodies in a24K or a33K preparations (Figure 17, lane
6). P. gingivalis ATCC 33277 cells which had been grown in vitro, and P. gingiva/is W50 cells
which were recovered from an experimental infection in guinea pigs, were screened for native
P. gingivalis proteins corresponding to the cloned gene products. Grenier and McBride (91)

have shown that there are differences between P. gingivalis cells grown in vivo (in guinea pigs)
and those propagated in vitro. The differences in the two growth environments affected
P. gingiva/is protein composition and biological characteristics such as haemagglutinating

activity and proteolytic activity. It was possible that expression of the native P. gingivalis
proteins corresponding to the recombinant 24 and 33 kDa proteins was induced only during
growth of P. gingiva/is in vivo. The P. gingivalis ATCC 33277 and W50 whole cell lysates were
analysed by Western blot immunoassays with a24K and a33K. None of the P. gingivalis
proteins in either of these cell lysate samples appeared to bind to antibodies in the a24K and
a33K antibody preparations (Figure 17, lanes 3, 4).
These immunological studies failed to (i) identify the native P. gingivalis components
corresponding to the cloned gene products, (ii) identify the recombinant protein expressed in the
original haemagglutination-positive clone BA1, or (iii) show evidence that the 24 and 33 kDa
gene products were associated with P. gingivalis by means of immunological reactivity with
a33277 or aHA.

2.6 NL-2
1 -terminal amino acid sequence of the recombinant proteins
The NH2-terminal amino acid sequences for the cloned proteins synthesized in the highlevel expression system were determined (Table 4). A NBRF protein database search did not
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FIGURE 16 Specificity of antibodies to the 24 and 33 kDa cloned proteins demonstrated by
Western blot immunoassay analysis. Polyclonal antiserum was generated towards each of the
cloned proteins expressed in E. coli LE392/pGP1-2,pAJ167. Antibodies specific to each of the
cloned proteins was obtained by affinity purification. Test samples were electrophoresed in a
SDS-15% polyacrylamide gel, and blotted to nitrocellulose. Western blots were reacted with (A)
affinity purified antibodies to the 24 kDa recombinant protein, or (B) affinity purified antibodies to
the 33 kDa recombinant protein. Lanes: S, protein standards; cell lysate of 1, E. coli
LE392/pGP1-2,pT7-7; 2, E. coli LE392/pGP1-2,pAJ167. Numbers on the left indicate molecular
mass in kilodaltons.
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FIGURE 17 Search for recombinant and native haemagglutinins by Western blot immunoassay
analysis. Test samples were electrophoresed in SDS-12% polyacrylamide gels, and blotted to
nitrocellulose. Western blots were reacted with (A) antibodies to the 24 kDa recombinant
protein, or (B) antibodies to the 33 kDa recombinant protein. Lanes: S, protein standards; cell
lysate of 1, E. coli LE392/pGP1-2,pT7-7; 2, E. coli LE392/pGP1-2,pAJ167; 3, P. gingivalis ATCC
33277 (grown in vitro); 4, P. gingivalis W50 (grown in vivo); 5, E. coli JM83/pUC18; 6, E. coli
BA1. Numbers on the left indicate molecular mass in kilodaltons.
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TABLE 4 NH2-terminal amino acid sequences of the 24 kDa and 33 kDa
recombinant proteins

Recombinant protein

NH2-terminal amino acid sequence

24 kDa

A?IWA?GS??VLDQNTVYE?LV?NL

33 kDa

MKHTKKTLGRGLD?LLDAAVIG??Q
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reveal any marked similarity between the NH2-terminal amino acid sequences of the 24 and 33
kDa proteins and other listed protein sequences. The NH2-terminal amino acid sequences for
the cloned proteins were also not homologous to any of the sequences published for
P. gingivalis proteins (21, 38, 53, 116, 140, 187, 259).

2.7 Biological characterization of the recombinant proteins
As the original clone BA1 was haemagglutination-positive, it was of interest to determine
whether either the 24 or 33 kDa recombinant proteins possessed haemagglutinating activity; or
whether they, or their antibodies, could inhibit P. gingivalis haemagglutinating activity.
2.7.1 Analysis of recombinant proteins
E. coli LE392/pGP1-2,pAJ167 cells were disrupted by ultrasonication, thereby releasing the
recombinant proteins. A fraction enriched for the 24 and 33 kDa cloned proteins was obtained
by differential centrifugation (24/33K-enriched preparation). Neither this fraction nor whole cells
of E. coli LE392/pGP1-2,pAJ167 appeared to possess haemagglutinating activity. E. coli
LE392/pAJ167 cells which expressed the cloned proteins at a detectable but lower level in the
absence of the T7 RNA polymerase (thereby circumventing the problem of inclusion body
formation), also did not exhibit haemagglutinating activity.
The 24 and 33 kDa proteins were each partially purified by preparative SDS-PAGE. Both of
the partially purified recombinant protein samples and the 24/33K-enriched fraction were tested
for ability to inhibit the haemagglutinating activity of P. gingivalis. Pre-incubation of erythrocytes
with any one of these test samples did not prevent haemagglutination upon addition of
P. gingivalis cells.
2.7.2 Analysis of antisera to the recombinant proteins
Various samples containing antibodies specific to the 24 kDa or 33 kDa recombinant
proteins were tested for their ability to inhibit the haemagglutinating activity of P. gingivalis. A
sample of either whole antiserum, a fraction containing IgG antibodies, or an affinity purified
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antibody preparation was pre-incubated with P. gingivalis cells. However, a haemagglutination
reaction was observed on subsequent addition of erythrocytes. Antibodies to the 24 kDa or 33
kDa proteins were not able to block P. gingivalis haemagglutinating activity.

The study of the putative haemagglutinin clone BA1 was greatly hindered by the difficulty in
establishing a relationship between the cloned gene products and P. gingivalis. Attempts to
characterize the haemagglutinating activity exhibited by BA1 did not provide clear evidence that
the adhesin responsible for activity originated from P. gingivalis. Furthermore, the cloned gene
products identified by use of the T7 RNA polymerase/promoter expression system did not
confer haemagglutinating activity to E. coil LE392, or inhibit the haemagglutinating activity of
P. gingivalis. Investigation of clone BA1 was not pursued further.

3. CHARACTERIZATION OF CLONE ESCHERICHIA COLT BA3
3.1 Expression of the recombinant protein
A SDS-PAGE protein profile revealed high expression of a 48 kDa cloned gene product from
the recombinant clone E. coli BA3 (Figure 11A, lane 3). Several adhesins of P. gingivalis are of
a similar size, and immunodominant P. gingivalis antigens of 46 kDa (304) and 47 kDa (45, 55)
had been reported. The 48 kDa recombinant protein therefore warrranted further investigation.
The cloned protein, designated rPgAg1, accounted for a significant fraction (approximately
30%) of the total protein in the cloning host. Polyclonal antiserum was raised to the
recombinant gene product. A preparation containing only antibodies specific to rPgAg1
(arPgAg1) was obtained by affinity purification. Western blot immunoassay analysis of E. coli
JM83/pUC18 and BA3 demonstrated the specificity of arPgAg1 (Figure 18, lanes 1, 2). A 25
kDa recombinant protein in BA3, which was earlier identified by reactivity with aPg33277 (Table
2; Figure 11), appeared to be a degradation product of rPgAg1.
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FIGURE 18 Identification of the native PgAg1 antigen by Western blot immunoassay analysis.

(A) SDS-10% polyacrylamide gel stained with Coomassie brilliant blue R-250; (B) Western blot
of the gel reacted with arPgAg1. Lanes: S, protein standards; 1, cell lysate of E. coli
JM83/pUC18; 2, cell lysate of E. coli BA3; 3, 1 /50th of the amount loaded in lane 2. This was
necessary because of the large amount of recombinant antigen produced in BA3; 4, cell lysate
of P. gingivalis ATCC 33277; 5, membrane fraction of P. gingivalis ATCC 33277. Numbers on
the left indicate molecular mass in kilodaltons.
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3.2 Southern blot hybridization
Recombinant plasmid (designated pBA3) was isolated from E. coli BA3. To confirm that the
insert DNA originated from P. gingivalis, the 3.7 kb Pstl-Psil fragment was purified from pBA3
and used as a probe in Southern hybridization analysis of Psti-digested genomic DNA from
P. gingivalis ATCC 33277. The probe hybridized to a single 3.7 kb fragment in the

chromosomal DNA sample (Figure 19). This indicated that the cloned DNA fragment was from
P. gingivalis. The detection of a single hybridizing band suggests that the genes carried on the

DNA insert are present in a single copy in the genome of this organism.

3.3 Restriction map
A restriction map of the insert DNA in the recombinant plasmid pBA3 was generated (Figure
20) for preliminary characterization of the cloned fragment, and future localization of the pgagl
gene. The 3.7 kb Pstl-Pstl DNA insert contained single cleavage sites for each of the following
restriction enzymes: BamHl, Clal, EcoRI, Scal, and Sspl.

3.4 Localization and orientation of the pgagl gene
The orientation of the P. gingivalis DNA insert with respect to the lacZ' promoter in the
recombinant plasmid pBA3 was arbitrarily defined as in the "forward" direction (Figure 20). A
clone (designated E. coli BA3R) was generated which harbours the recombinant plasmid
pBA3R containing the 3.7 kb insert in the "reverse" direction to the insert in pBA3 (Figure 21).
The orientation of the insert in pBA3R was confirmed by migration of DNA bands following a
Xbal (unique site in pUC18), BgAl (unique site in the cloned DNA) double restriction enzyme

digestion. Strain E. coli BA3R was found to highly express rPgAg1 to a similar level to that
produced by the original clone E. coli BA3. This suggested that transcription of the pgagl gene
was initiated at a P. gingivalis promoter located within the cloned fragment. This promoter
appears to be well recognized by E. coli RNA polymerase.
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FIGURE 19 Southern blot hybridization analysis of chromosomal DNA from P. gingivalis ATCC
33277 with probe from pBA3. (A) 0.8% agarose gel stained with ethidium bromide; (B)
Southern blot of the gel probed with the 3.7 kb Pstl-Psti fragment from pBA3. Lanes: S,
molecular weight standards; 1, Psti-digested pBA3; 2, Pstl-digested genomic DNA from

P. gingivalis ATCC 33277. Numbers on the left indicate size in kilobases.
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FIGURE 20 Restriction map of recombinant plasmid pBA3. pBA3 was constructed from

insertion of a 3.7 kb fragment of P. gingivalis ATCC 33277 chromosomal DNA into the multiple
cloning site (MCS) of pUC18. The Xbal site indicated is in the MCS of the cloning vector. In
pBA3, the orientation of the cloned fragment with respect to the lac promoter has been arbitrarily
defined as in the "forward" direction. The direction of transcription of bla (Apr) and lacZ' genes
are indicated by the arrows.

by

^

1,000^2,000^3,000^3,700
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FIGURE 21 Partial restriction map and characteristics of deletion subclones derived from pBA3.
Clones were analysed for expression of recombinant protein by SDS-PAGE. A high level of 48
kDa rPgAg1 is denoted by "+". Subclones in which rPgAg1 was not clearly identified in a
protein profile, were analysed by Western blot immunoassay using arPgAg1. Clones with no
detectable rPgAg1 are denoted by "-". A truncated 23 kDa rPgAg1 detected by Western blot
immunoassay analysis is represented by "23". P, Pstl; B, BamHl; Bg, BgAI; Sp, Sphl; A, Accl;
E, EcoRl; C, Clal.
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Several deletion subclones were generated in order to localize the P. gingivalis promoter
elements and the pgagl structural gene (Figure 21). E. coli cells carrying the plasmid pBA3-2
expressed a 23 kDa truncated rPgAg1 protein as detected by Western blot immunoassay using
arPgAg1. This observation is shown in Figure 22, lane 4. The Western immunoblot in Figure
22 also shows evidence of a 21 kDa truncated protein expressed from DNA constructs pBA3-10
(lane 5) and pJOE1 (lane 3). These will be discussed later in section 3.15. An E. coli BA3
sample (lane 1) shows the 48 kDa recombinant protein with a barely detectable degradation
product of 25 kDa. With the exception of the diluted E. coli BA3 cell lysate, all the E. coli
samples (including an E. coli control (lane 2)) exhibited an immunoreactive protein band at
approximately 32 kDa. Reactivity between arPgAg1 and E. coli proteins was not observed
previously. The E. coli protein band was probably detected due to prolonged development of
the Western blot in order to visualize rPgAg1 species which were present in low amount.
Expression of a truncated protein from pBA3-2 indicated that transcription of the pgagl gene
was initiated from the C/al-end of the 3.7 kb DNA insert. The C/al-end of the cloned fragment
was therefore defined as the proximal end of the DNA insert with regards to the P. gingivalis
promoter. In the original recombinant clone E. coli BA3, the direction of transcription of the
pgagl gene from a P. gingivalis promoter is therefore opposite to the direction of transcription

from the lacZ' promoter carried on pUC18.
The subclone containing pBA3-5 showed that removal of a 500 by fragment from the
proximal end of the insert DNA by Clal cleavage, did not have any affect on high expression of
the recombinant protein. However, loss of a further 300 by from the proximal end by EcoRI
cleavage had a profound affect on expression of rPgAg1, as demonstrated by the lack of
detectable recombinant protein in the subclone carrying pBA3R-6. This suggested that the
P. gingivalis promoter elements and the translational ATG start signal for the pgagl gene were

located within the 300 by Clal-EcoRI region of the cloned DNA. If the insert DNA in pBA3R-6
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FIGURE 22 Identification of rPgAg1 in various subclones by Western blot immunoassay
analysis. Test samples were electrophoresed in a SDS-10% polyacrylamide gel, blotted to
nitrocellulose, and probed with arPgAg1. Lanes: S, protein standards; cell lysate of E. coli
strain 1, BA3, sample diluted 1 /50 due to the large amount of recombinant protein present; 2,
XL1/pNJR5; 3, XL1/pJOE1; 4, JM83/pBA3-2; 5, JM83/pBA3-10. Numbers on the left indicate
molecular mass in kilodaltons.
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contained the pgagl structural gene complete with its translational start signal, one would have
expected expression of the recombinant protein from the lacZ' promoter.
High level expression of rPgAg1 by subclones carrying the deletion plasmids pBA3-7 and
pBA3-9, indicated that both the P. gingivalis promoter and the pgagl structural gene are
contained within a 2 kb Clal-BgRII region.

3.5 Identification and localization of the native PgAg1 molecule
P. gingivalis ATCC 33277 whole cell lysate and membrane preparations were analysed for

the presence of the native PgAg1 molecule. E. coli BA3 and P. gingivalis samples were
electrophoresed, proteins were transferred to nitrocellulose, and incubated with arPgAg1 in a
Western blot immunoassay (Figure 18). In the BA3 whole cell lysate sample, an
immunoreactive protein was observed at 48 kDa with an apparent degradation product of 25
kDa. A single immunoreactive band of 51 kDa (the presumptive native molecule, designated
PgAg1) was detected in both the whole cell lysate and membrane preparations of P. gingivalis.
This suggests that the native PgAg1 molecule exists in a higher molecular weight form in
comparison to the recombinant molecule expressed in BA3. lmmunoreactivity of a component
in the membrane fraction of the parent organism with antibodies specific to rPgAg1 indicates
that the native PgAg1 protein is associated with the membrane of P. gingivalis. BA3 and
P. gingivalis whole cells which were solubilized in SDS-PAGE sample buffer at 37°C for 30 min

instead of at 95°C for 10 min, exhibited immunoreactive bands of a similar molecular weight to
those observed when samples were solubilized at the higher temperature (result not shown). It
appeared that the recombinant and native forms of PgAg1 were not heat-modifiable with
respect to their migration in SDS-polyacrylamide gels.
To provide further evidence on the cellular location of PgAg1 in P. gingivalis, antibodies to
rPgAg1 were used in immunogold labelling analysis of intact cells. Incubation of P. gingivalis
ATCC 33277 with monospecific antibodies to rPgAg1 resulted in significant cell surface-labelling
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of these cells with collodial gold beads in comparison to cells treated with affinity purified preimmune antibodies (Figure 23). The Western blot immunoassay and immunogold labelling
results indicate that native PgAg1 is a cell surface-associated component of P. gingiva/is.

3.6 Cellular localization of rPgAg1 in Escherichia co/i BA3
It was of interest to investigate whether the cloned protein was processed and transported in
the E. co/i cloning host. BA3 cells were subjected to osmotic shock to obtain spheroplasts and
a fraction containing periplasmic proteins. The spheroplasts were disrupted to obtain a
cytoplasmic protein fraction and a total membrane fraction. The membrane fraction was
extensively washed to remove soluble, unbound contaminating species. SDS-PAGE protein
profiles and Western blot immunoassay analysis using arPgAg1 demonstrated that the
recombinant protein was present in the cytoplasmic, periplasmic, and membrane preparations
(Figure 24). The bulk of the recombinant protein appeared to reside in the cytoplasm of BA3,
however a large amount of rPgAg1 was detected in the membrane fraction.
As an indication of the specificity of the cell fractionation procedure, the cellular preparations
were analysed for the presence of the cytoplasmic marker protein glucose-6-phosphate
dehydrogenase. The periplasmic and membrane fractions did not appear to have a detectable
level of this cytoplasmic enzyme as measured by a spectrophotometric assay for glucose-6phosphate dehydrogenase activity (Table 5). It appeared that these fractions were not
significantly contaminated, if at all, by cytoplasmic proteins. The detection of rPgAg1 in BA3
periplasmic and membrane preparations indicates that the recombinant protein is transported to
these regions within the cloning host. The glucose-6-phosphate dehydrogenase activity in
E. co/i JM83/pUC18 samples appeared to be higher than that in E. co/i BA3 samples. This may
be due to the fact that there were more cells in the E. co/i JM83/pUC18 broth culture
(0D660= 1 .9 ) than in the E. co/i BA3 culture (0D660.1.7) used as starting material for cellular
fractionation.
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FIGURE 23 Localization of PgAg1 on the surface of P. gingivalis. P. gingivalis ATCC 33277
cells were incubated with (A) affinity purified antibodies from pre-immune serum and (B) affinity
purified antibodies from antiserum to rPgAg1. Following treatment with the appropriate antibody
preparation, cells were incubated with gold beads conjugated to goat anti-rabbit IgG. The cells
were negatively stained with ammonium molybdate and viewed by transmission electron
microscopy.
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FIGURE 24 Localization of rPgAg1 in E. coli BA3. Cellular fractions were analysed by SDS -

PAGE and Western blot immunoassay. (A) SDS-10% polyacrylamide gel stained with
Coomassie brilliant blue R-250; (B) Western blot of the gel reacted with arPgAg1. Lanes: S,
protein standards; 1, whole cell extract (wc) of E. coli BA3; 2, whole cell extract of E. coli
JM83/pUC18; 3, periplasmic fraction (p) of BA3; 4, periplasmic fraction of JM83/pUC18; 5,
cytoplasmic fraction (c) of BA3; 6, cytoplasmic fraction of JM83/pUC18; 7, membrane fraction
(m) of BA3; 8, membrane fraction of JM83/pUC18. Numbers on the left indicate molecular mass
in kilodaltons.
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TABLE 5 Glucose-6-phosphate dehydrogenase activity in

cellular fractions of Escherichia coli strains

E. coli strain

Cellular fraction

JM83/pUC18

whole cell extract

252

periplasmic

0

cytoplasmic

222

membrane
BA3

Glucose-6-phosphate
dehydrogenase activity
(units* per 100 ml broth
culture)

whole cell extract

0
86

periplasmic

0

cytoplasmic

85

membrane

0

* Unit definition: one unit will oxidize 1.0 grnole of D-glucose-6-phosphate
to D-glucono 8-lactone-6-phosphate per minute at 25°C and pH 7.8, in the
presence of NADP
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Immunogold labelling assays using arPgAg1 to probe intact E. coli BA3 cells did not reveal
recombinant protein located on the cell surface. This suggests that rPgAg1 may be associated
with the inner membrane in BA3.

3.7 Genetic analysis of black-pigmented Bacteroides species
In addition to P. gingivalis, other members of the group known formerly as BPB have also
been isolated from the oral cavity. It was of interest to analyse several oral isolates (in
particular, Prevotella denticola, Prevotella intermedia, and Prevotella loescheii) and non-oral
isolates of BPB for the presence of homologous genes to pgagl . Genomic DNA was isolated
from 11 BPB species and digested to completion with Pstl. The 3.7 kb Pstl-Pstl P. gingivalis
DNA insert was isolated from the recombinant plasmid pBA3 and used as a probe for detection
of highly related DNA sequences. Southern blot hybridization analysis showed one strongly
hybridizing DNA fragment in all four strains of P. gingivalis tested (Figure 25). The size of the
hybridizing chromosomal bands was 3.7 kb, the same as that of the probe. None of the other
oral or non-oral isolates analysed gave a significant hybridization signal. It appears that the
DNA fragment containing the pgagl gene is specific to P. gingivalis.

3.8 Immunological analysis of black-pigmentedBacteroides species
To determine whether PgAg1 or immunologically related proteins are expressed by selected
members of the BPB group, Western blot immunoassay analysis was performed using affinity
purified antibodies to rPgAg1. Whole cell Iysates for SDS-PAGE were prepared for 11 BPB
species. All strains of P. gingivalis screened by Western blot immunoassay expressed a 51
kDa immunoreactive molecule (Figure 26). None of the other BPB species examined exhibited
proteins reactive with affinity purified antibodies to rPgAg1. With the Southern blot hybridization
results, this indicates that the PgAg1 surface protein is expressed from the pgagl gene in all
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FIGURE 25 Southern blot hybridization analysis of chromosomal DNA from strains of black-

pigmented Bacteroides species. (A) 0.8% agarose gel stained with ethidium bromide; (B)
Southern blot of the gel probed with the 3.7 kb Pstl-Pstl fragment from pBA3. Lanes: S,
molecular weight standards; C, Pstl-digested pBA3; Pstl-digested genomic DNA from 1,
Porphyromonas gingivalis ATCC 33277; 2, Porphyromonas gingivalis W12; 3, Porphyromonas
gingivalis W50; 4, Porphyromonas gingivalis W83; 5, Porphyromonas asaccharolytica ATCC
25260; 6, Prevotella corporis ATCC 33547; 7, Prevotella denticola ATCC 33185; 8, Prevotella
intermedia ATCC 15032; 9, Bacteroides levii ATCC 29147; 10, Prevotella loescheii ATCC
15930; 11, Prevotella melaninogenica ATCC 25845. Numbers on the left indicate size in
kilobases.
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FIGURE 26 Western blot immunoassay analysis of black-pigmented Bacteroides species. (A)
SDS-10% polyacrylamide gel stained with Coomassie brilliant blue R-250; (B) Western blot of
the gel reacted with arPgAg1. Lanes: cell lysate of C, E. coli BA3, sample diluted 1 /50; 1,
Porphyromonas gingivalis ATCC 33277; 2, Porphyromonas gingivalis W12; 3, Porphyromonas
gingivalis W50; 4, Porphyromonas gingivalis W83; 5, Porphyromonas asaccharolytica ATCC

25260; 6, Prevotella corporis ATCC 33547; 7, Prevotella denticola ATCC 33185; 8, Prevotella
intermedia ATCC 15032; 9, Bacteroides levii ATCC 29147; 10, Prevotella loescheii ATCC

15930; 11, Prevotella melaninogenica ATCC 25845. Numbers on the left indicate molecular
mass in kilodaltons.
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strains of P. gingivalis tested. The PgAg1 molecule does not seem to have epitopes which are
immunologically similar to those of proteins expressed by the other BPB species examined.
A recent clinical isolate of P. gingivalis, strain A7A1-28 (ATCC 53977), was subsequently
analysed by Western blot immunoassay and also found to exhibit a single 51 kDa reactive
protein (Figure 27). In addition to analysis of P. gingivalis samples cultured in vitro, there is
preliminary evidence that this organism expresses PgAg1 when grown in vivo. Infectious
exudate samples were taken from guinea pigs inoculated with P. gingivalis W50 grown in vivo
and passaged twice. Bacterial cells from this sample were analysed by Western blot
immunoassay using affinity purified antibodies to rPgAg1. P. gingivalis W50 cells cultured in
vivo and recovered from the exudate exhibited a single immunoreactive molecule of a similar

size to that seen in strains grown in vitro (Figure 28).

3.9 Two different forms of PgAg1
The cloned protein rPgAg1 was partially purified from E. coli BA3 by cell disruption,
differential centrifugation, and separation of proteins in the soluble fraction by anion exchange
chromatography. The partially purified recombinant protein sample was analysed by Western
blot immunoassay using monospecific antibodies to the 48 kDa rPgAg1 molecule. Two
immunoreactive molecules were observed in the preparation containing partially purified
recombinant protein (Figure 29, lane 4). The higher molecular weight immunoreactive protein
appears to be of a similar size to the 51 kDa mature native molecule present in P. gingivalis
ATCC 33277 (Figure 29, lane 2).
Freshly prepared P. gingivalis whole cell lysates exhibit a single reactive protein of 51 kDa
when probed with affinity purified antibodies to rPgAg1 (Figure 29, lane 2). However, cell
lysates stored at -20°C for several months show one immunoreactive P. gingivalis protein
(Figure 29, lane 3) of a similar size to the 48 kDa dominant form of rPgAg1 observed in E. coli
BA3. It appears that there are two different forms of the PgAg1 molecule which are similar in
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FIGURE 27 Western blot immunoassay analysis of P. gingivalis A7A1-28 (ATCC 53977). Test
samples were electrophoresed in a SDS-10% polyacrylamide gel, blotted to nitrocellulose, and
probed with arPgAg1. Lanes: S, protein standards; cell lysate of 1, E. coli BA3; 2, P. gingivalis
ATCC 33277; 3, P. gingivalis A7A1-28. Numbers on the left indicate molecular mass in
kilodaltons.

117

FIGURE 28 Western blot immunoassay analysis of P. gingivalis cells grown in vivo. Test
samples were electrophoresed in a SDS-12% polyacrylamide gel, blotted to nitrocellulose, and
probed with arPgAg1. Lanes, S, protein standards; cell lysate of 1, E. coil JM83/pUC18, 2,
E. coli BA3; 3, P. gingivalis ATCC 33277 (grown in vitro); 4, P. gingivalis W50 (grown in vitro); 5,
P. gingivalis W50 (grown in vivo). Numbers on the left indicate molecular mass in kilodaltons.
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FIGURE 29 Identification of two similar-sized forms of both native and recombinant PgAg1 by

Western blot immunoassay analysis. Proteins were separated in a SDS-10% polyacrylamide
gel, blotted to nitrocellulose, and probed with antibodies to the 48 kDa rPgAg1 protein. Lanes:
1, cell lysate of E. coli BA3, sample diluted 1 /50; 2, freshly prepared cell lysate of P. gingivalis
ATCC 33277; 3, P. gingivalis ATCC 33277 cell lysate stored for 1 year at -20°C; 4, partially
purified rPgAg1. Numbers on the left indicate molecular mass in kilodaltons.
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molecular weight. The results from the P. gingivalis samples suggest that the 48 kDa species is
probably a degradation product of the 51 kDa molecule.

3.10 Purification of rPgAg1 from Escherichia coli BA3
In order to characterize rPgAg1, the cloned protein was purified to homogeneity. E. coli BA3
cells were disrupted, and the soluble fraction containing rPgAg1 recovered. Proteins in this
sample were separated by anion exchange chromatography using a 0 to 1 M NaCI gradient to
elute proteins from a MonoQ ion exchange column. The bulk of the recombinant protein eluted
from the anion exchange column at 0.124-0.128 M NaCI. Fractions containing partially purified
rPgAg1 were then applied to a Superose 12 gel filtration column for size separation of proteins.
Pure recombinant PgAg1 was obtained as shown by SDS-PAGE and protein detection using
silver nitrate (Figure 30). The 51 kDa form of the cloned protein identified earlier (Figure 29,
lane 4) proved to be unstable. Manipulation and storage of the rPgAg1 preparations resulted in
the acquisition of pure rPgAg1 samples containing predominantly the 48 kDa species with a
further degradation product of 25 kDa.

3.11 Partial purification of native PgAg1 from Porphyromonas gingivalis
For analysis of the native PgAg1 molecule, the native protein was partially purified.
P. gingivalis ATCC 33277 whole cells were treated with EDTA, followed by cell disruption. The

soluble fraction of the cell extract was applied to a MonoQ anion exchange column. A 0 to 1 M
NaCI gradient was used to elute proteins from the column, with the native protein eluting at
0.124-0.128 M NaCI. Samples containing native PgAg1 with a single contaminating protein
were recovered. The purity of the native PgAg1 sample was shown by SDS-PAGE and protein
detection using silver nitrate (Figure 31A). As observed for the recombinant protein, the 51 kDa
form of the native protein degraded to a 48 kDa species during the course of the purification
exercise. This phenomenon was clearly demonstrated in Western blot immunoassays using
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FIGURE 30 Purification of the recombinant protein rPgAg1. Samples containing rPgAg1 were
analysed by SDS-PAGE and Western blot immunoassay. (A) SDS-10% polyacrylamide gel
stained with silver nitrate; (B) Western blot of the gel reacted with ocrPgAg1. Lanes: S, protein
standards; 1, whole cell lysate of E. coli JM83/pUC18; 2, whole cell lysate of E. co/i BA3; 3,
soluble fraction of BA3; 4, post-MonoQ anion exchange chromatography; 5, post-Superose 12
gel filtration chromatography. Numbers on the left indicate molecular mass in kilodaltons.
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FIGURE 31 Partial purification of the native PgAg1 protein. Samples containing native PgAg1
were analysed by SDS-PAGE and Western blot immunoassay. (A) SDS-10% polyacrylamide
gel stained with silver nitrate; (B) Western blot of the gel reacted with arPgAg1. Lanes: S,
protein standards; 1, purified rPgAg1; 2, whole cell lysate of P. gingivalis ATCC 33277; 3,
soluble fraction of P. gingivalis; 4, post-MonoQ anion exchange chromatography. Numbers on
the left indicate molecular mass in kilodaltons.
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arPgAg1 (Figure 31 B). The starting material for purification (whole cells of P. gingivalis)
appeared to contain predominantly the 51 kDa form of PgAg1. However, samples from
successive stages of the purification procedure showed the native molecule progressively
degrading to a 48 kDa form.

3.12 NH2-terminal amino acid sequence of recombinant and native PgAg1
The NH2-terminal amino acid sequences of the 48 and 51 kDa recombinant PgAg1
molecules, and the 48 kDa form of the native protein were determined. All molecules were
found to have the same NH2-terminal amino acid sequence: M-K-T-Q-E-I-M-T-M-L-E-A-K-H-PG-E-S-E-F-L-Q-A-V-K-E-V-L-L. No significantly homologous sequences in other proteins were
identified in a search of the NBRF protein database. However, on examination of sequences
reported for other P. gingivalis proteins, it was of particular interest that the NH2-terminal amino
acid sequence for PgAg1 was identical to that presented for a 47 kDa immunodominant antigen
of P. gingivalis (28) identified by Curtis and co-workers (45).

3.13 DNA sequencing of the pgagl gene
The nucleotide sequence for the 2 kb Cla1-89111 DNA fragment containing the P. gingivalis
promoter and pgagl gene was determined. The Sanger dideoxy chain termination method was
used for step-wise sequence analysis with customized primers. Both strands of DNA were
completely sequenced. The nucleotide sequence of the 2 kb P. gingivalis DNA fragment is
given in Figure 32. The largest translational open reading frame (ORF), comprising 1338
basepairs, extends from the ATG start codon at nucleotide 226 to the ochre stop codon ending
at nucleotide 1563. This open reading frame codes for a protein of 445 amino acids with a
molecular weight of 49,243. This is in close agreement with the apparent molecular weight of
the PgAg1 molecule. Furthermore, the first 29 residues of the deduced amino acid sequence
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FIGURE 32 Nucleotide sequence of the Clal-BgAl fragment containing the P. gingivalis pgagl gene and the translated amino
acid sequence of the coding region. Residues confirmed by NH2-terminal amino acid sequencing of the PgAg1 protein are
underlined. Putative ribosomal binding site (rbs) and -35, -10 promoter regions upstream of the PgAg1 open reading frame
are indicated. The recognition sequence (boxed) for the restriction enzyme Accl is shown.
1

AAGCTCGATGCATOCTOCCTTTGAATCAAGTCAATATACTTAATCTTTTGGCGACGTATTCGOATACTGATTTATGTACTGAAAAAGCTGATATTCGGAAGGG

104

TTAGTTTGTGATTTGGACTACAAGGATCTTACTAAACTTTATTTTTGAGAAAAGGCTIMAAGTTCCAAACACATTALQIACTTTTGCCGGAGTAATCTCTTA
-35^ -10
CTATTATTTAGAGTTCTCT ATG AAG ACC CAA GAA ATT ATG ACA ATG CTG GAG GCT AAG CAC CCC GGC GAA AGC GAA TTC CTC

207

1631

rbs^M^K^I2EILITLILEAKEI.EQE.AZEL
21
CAA GCA GTG AAG GAA GTT CTT CTC TCT GTA GAA GAA GTG TAC AAC CAA CAT CCC GAG TTC GAA AAG AAC GGT ATC ATC
QAYLZVLI L
SVEEVYNQHPEFEKNGII
47
GAG CGT ATC GTA GAG CCG GAT CGT GTA TTC ACA TTC CGT GTA CCC TGG GTA GAT GAC CAA GGT AAG GTA CAG GTA AAC
E^R^I^V^E^P^D^R^V^F^T^F^R^V^P^W^V^D^D^Q^G^K^V^Q^V^N
73
ATC GGC TAC CGC GTT CAG TTC AAC AAT GCC ATC GGT CCG TAC AAG GGC GGT ATC CGT TTC CAT CCT TCA GTG AAC CTC
99
IGYRVQFNNAIGPYKGGIRFHPSVNL
TCT ATC CTG AAG TTC CTC GGT TTC GAA CAG ATG TTC AAG AAT GCA CTC ACT ACT CTC CCC ATG GGT GGT GGC AAA GGT
S^I^L^K^F^L^G^F^E^Q^M^F^K^N^A^L^T^T^L^P^M^G^G^G^K^G
125
GGT GCC GAC TTC TCT CCC AAG GGT AAG AGC GAA GCC GAA ATC ATG CGT TTC TGC CAG AGC TTC ATG ACC GAA TTG TGG
G^A^D^F^S^P^K^G^K^S^E^A^E^I^M^R^F^C^Q^S^F^M^T^E^L^W
151
CGC AAC ATC GGC CCT GAC ACC GAC ATT CCT GCC GGT GAC ATC GGC GTA GGC GGT CGC GAA GTA GGT TAT ATG TTC GGT
R^N^I^G^P^D^T^D^I^P^A^G^D^I^G^V^G^G^R^E^V^G^Y^M^F^G
177
ATG TAC AAG AAG CTC GCT CGC GAG CAC ACA GGT ACG CTT ACC GGC AAG GGA TTC GAG TTC GGC GGT TCT CGT CTG GCT
M^Y^K^K^L^A^R^E^H^T^G^T^L^T^G^K^G^F^E^F^G^G^S^R^L^R
203
CCC GAA TCT ACC GGT TTC GGT GCT GTT TAC TTC GTA CAG AAC ATG TGT AAG CAA AAC GGTIGTA GAC1TAC AAG GGC AAA
P^E^S^T^G^F^G^A^V^Y^F^V^Q^N^M^C^K^Q^N^G^V^D^Y^K^G^K
229
ACT CTT GCT ATC TCC GGA TTC GGT AAC GTT GCT TGG GGT GTG GCT CAG AAA GCT ACC GAG TTG GGC ATT AAG GTT GTT
TLAIS.GFGNVAWGVAQKATELGIKVV255
ACG ATC TAC GGT CCT GAC GGC TAT GTT TAC GAC CCC GAC GGT ATC AAC ACA CCG GAG AAA TTC CGA TGC ATG CTT GAC
T^I^Y^G^P^D^G^Y^V^Y^D^P^D^G^I^N^T^P^E^K^F^R^C^M^L^D
281
CTC CGT GAC AGC GGT AAC GAC GTA GTA TCA GAC TAT GTG AAG AGA TTC CCC AAT GCT CAG TTC TTC CCC GGC AAG AAG
LRDSGNDVVSDYVKRFPNAQ,F^ FPGKK307
CCT TGG GAG CAA AAGIGTA GACITTC GCT ATG CCT TGC GCT ACG CAG AAC GAG ATG AAC CTC GAA GAT GCC AAG ACG TTG
P^W^E^Q^K^V^D^F^A^M^P^C^A^T^Q^N^E^M^N^L^E^D^A^K^T^L
333
CAC AAG AAT GGT GTT ACT CTT GTA GCT GAA ACT TCT AAC ATG GGT TGT ACG GCC GAA GCC AGC GAA TAC TAT GTA GCA
359
H^K^N^G^V^T^L^V^A^E^T^S^N^M^G^C^T^A^E^A^S^E^Y^Y^V^A
AAC AAG ATG CTC TTC GCT CCG GGT AAG GCT GTT AAT GCA GGT GGT GTT TCT TGC TCA GGT CTC GAA ATG ACG CAG AAC
385
N^K^M^L^F^A^P^G^K^A^V^N^A^G^G^V^S^C^S^G^L^E^M^T^Q^N
GCT ATG CAC CTC GTT TGG ACG AAT GAA GAA GTG GAC AAG TOG CTG CAC CAG ATC ATG CAA GAC ATC CAC GAG CAG TGC
AMHLVWTNEEVDKWLHQIMQDIHEQC411
GTT ACA TAC GGT AAA GAC GGC AAC TAC ATC GAC TAT GTG AAG GGT GCC AAT ATC GCC GGC TTC ATG AAG GTT GCC AAG
VTYGKDGNYIDYVKGANIAGFMKVAK437
GCT ATG GTA GCT CAG GGC GTT TGC TAA TCCCTGATTTCACTCCCCTGCTCATACAGAGCAGATACAAAAACGAAAAAGCAGAGACGTATCTCCC
445
A^M^V^A^Q^G^V^C
CTCCGGAGGTACGTCTCTTTTTATTTCCACAAACGCTACTGCGTGACTCTATAGCTGCTTTTTATTCAAAATTTATATCCTACCTCCTCGATTGTCGTTACAT

1734

TTGGAGAGATTCATTCTAAATTCAATAGTAATAATATGAAGAAGAGAAAACAGCTATCGCTGGCGTTGGCATGGTCGCTTGCTTTGCTTCCOGTGGGAGGATA

1837

CACGGCATTTGCCCAAGTAAACACGACAGCTCAAACGGTGAAACCTCAAAATATAAACCCGATGCAAAAACGTATGTCCTCCTTTCGGCAGGAAATGCTCAGT

1940

GAACTGACAGATCC

289
367
445
523
601
-a

INJ
Ch

679
757
835
913
991
1069

,

1147
1225
1303
1381
1459
1537

from this ORF are identical to the NH2-terminal amino acid sequence of PgAg1 determined by
protein sequencing. It was evident that this ORF constituted the structural gene for PgAg1.
The PC/Gene nucleic acid analysis computer program was used to identify potential
promoter sequences and a ribosomal binding site. Putative -35, -10 promoter regions were
located based on homology with E. coli promoter consensus sequences. A putative rbs was
identified by homology with other prokaryotic Shine-Dalgarno ribosomal-binding sequences. A
search for a NH2-terminal signal sequence failed to identify a coding region which could
potentially translate into a leader peptide.
A hydropathy plot of the translated protein was obtained by Kyte-Doolittle analysis (Figure
33). The final 20 residues (approximately) of the COOH-terminal of the protein form a
hydrophobic region. Codon usage, and amino acid usage within the ORF are presented in
Tables 6 and 7, respectively.
A scan of the SWISS-PROT, PIR, and GenBank databases using the BLAST search
algorithm revealed significant sequence similarity between PgAg1 and the subunit protein of
glutamate dehydrogenases isolated from various sources (Table 8). The amino acid sequence
of PgAg1 is 54.8%, 52.4%, and 15.7% identical to sequences of the monomeric protein of
GDHs from Salmonella typhimurium (prokaryotic), and Giardia lamblia (eukaryotic), and of
chicken origin (vertebrate), respectively (Figure 34). The two lysine residues which are highly
conserved in GDH enzymes are lysine 25 and 112 in the P. gingivalis PgAg1/GDH molecule.
The nucleotide sequence for the pgagl gene has been entered into several databanks
(GenBank, EMBL Data Library, and DNA Data Bank of Japan) under the title "P. gingivalis gdh
gene" (accession number L07290).
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FIGURE 33 Kyte-Doolittle hydropathy plot of the amino acid sequence (445 residues) deduced
from the open reading frame of the pgagl gene in P. gingivalis. Hydrophobic regions are
above, and hydrophilic regions below the central line. Amino acid numbers (horizontal axis) are
the same as in Figure 32. The 'I*" identifies the COOH-terminal hydrophobic region discussed
in the text.
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TABLE 6 Codon usage in the Porphyromonas gingivalis ATCC 33277
pgagl gene (1338 bp)

Codon

Amino No.* Codon
acid

Amino
acid

No.*

Codon

Amino
acid

No.*

Codon

Amino
acid

No.*

TTT
TTC
TTA
TTG

phe
phe
leu
leu

0
25
0
3

TCT
TCC
TCA
TCG

ser
ser
ser
ser

7
1
3
0

TAT
TAC
TM
TAG

tyr
tyr
OCH
AMB

5
11
1
0

TGT
TGC
TGA
TGG

cys
cys
OPA
trp

2
6
0
6

CTT
CTC
CTA
CTG

leu
leu
leu
leu

5
12
0
4

CCT
CCC
CCA
CCG

pro
pro
pro
pro

6
9
0
4

CAT
CAC
CAA
CAG

his
his
gln
gin

2
6
7
12

CGT
CGC
CGA
CGG

arg
arg
arg
arg

8
4
1
0

ATT
ATC
ATA
ATG

ile
ile
ile
met

3
17
0
20

ACT
ACC
ACA
ACG

thr
thr
thr
thr

5
6
5
7

MT
MC
AAA
AAG

asn
asn
lys
lys

7
17
5
28

AGT
AGC
AGA
AGG

ser
ser
arg
arg

0
5
1
0

GTT
GTC
GTA
GTG

val
val
val
val

14
0
17
7

GCT
GCC
GCA
GCG

ala
ala
ala
ala

16
10
4
0

GAT
GAC
GM
GAG

asp
asp
glu
glu

3
18
20
11

G GT
GGC
GGA
GGG

gly
gly
gly
gly

33
15
2
0

*total number of residues specified by a codon
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TABLE 7 Amino acid composition of the cell surface-associated protein

PgAg1 of Porphyromonas gingivalisa

Amino acid

Molecular weight

MW(%)d

Numberb

n(%)c

A^alanine

30

6.7

2131

4.3

C^cysteine

8

1.8

824

1.7

D^aspartic acid

21

4.7

2415

4.9

E^glutamic acid

31

7.0

4000

8.1

F^phenylalanine

25

5.6

3676

7.5

G^glycine

50

11.2

2851

5.8

8

1.8

1096

2.2

I^isoleucine

20

4.5

2261

4.6

K^lysine

33

7.4

4227

8.6

L^leucine

24

5.4

2714

5.5

M^methionine

20

4.5

2620

5.3

N^asparagine

24

5.4

2737

5.6

P^proline

19

4.3

1844

3.7

Q^glutamine

19

4.3

2433

4.9

R^arginine

14

3.1

2185

4.4

S^serine

16

3.6

1392

2.8

T^threonine

23

5.2

2324

4.7

V^valine

38

8.5

3764

7.6

6

1.3

1116

2.3

16

3.6

2609

5.3

H^histidine

W tryptophan
Y^tyrosine

a As determined from the deduced amino acid sequence of the pgagl gene cloned

from P. gingivalis ATCC 33277

b Total number of the specified amino acid per molecule of PgAg1

b Percentage of total amino acids (445 residues)
d Percentage of total molecular mass (49,243 daltons)
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TABLE 8 Amino acid similarities between the glutamate dehydrogenase (PgAg1) of
Porphyromonas gingivalis, and other glutamate dehydrogenases from different sources

GDH source

Cofactor specificitya

Lengthb

% Amino acid
identity'

P. gingivalis ATCC 33277

NAD

445

100.0

Salmonella typhimurium

NADP

447

54.8

Escherichia coli

NADP

447

54.4

Giardia lamblia

NADP

449

52.4

Clostridium symbiosum

NAD

450

50.8

Chlorella sorokiniana

NADP

543

50.1

Neurospora crassa

NADP

454

48.5

Emericella nidulans

NADP

459

47.2

Saccharomyces cerevisiae

NADP

453

45.8

Schwanniomyces occidentalis
var. occidentalis

NADP

459

44.9

Clostridium difficile

nr

421

43.6

Halobacterium salinarium

NADP

435

35.7

Peptostreptococcus
asaccharo/yticus

nr

421

24.0

rat origin

dual

558

16.6

mouse origin

dual

558

16.6

human origin

dual

558

16.4

bovine origin

dual

501

16.2

chicken origin

dual

503

15.7

NAD=NAD-dependent GDH; NADP=NADP-dependent GDH; dual=dual cofactor
specificity GDH; nr=not reported
b Total number of amino acids comprising the monomeric subunit protein
b Number of identical amino acids, expressed as a percentage of the total number of
residues in PgAg 1
a
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FIGURE 34 Comparison of selected regions of the deduced amino acid sequences of glutamate dehydrogenases from
various sources. The external boxes show regions of homology with the protein from P. gingivalis. The internal boxes
indicate regions that are not homologous with the glutamate dehydrogenase from P. gingivalis. The percentage amino acid
identity of each glutamate dehydrogenase to the P. gingivalis glutamate dehydrogenase enzyme is shown in parentheses.

P.^gingivalis^(100.0%)^85 GPYKGGIRFH

S.^typhimurium^(54.8%)^89 GPYKGG7RFH
G.^lamblia^(52.4%)^_86 GPYKGGLRFH

...

100

SILKFL

MGGGKGG

...
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SILKFL
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165

D V PAPN

158

TDIPAGD...
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3.14 Glutamate dehydrogenase activity of recombinant and native PgAg1
The cloned protein was identified as a glutamate dehydrogenase enzyme by amino acid
homology. It was of interest to analyse the recombinant and native PgAg1 proteins for
biological activity.
Fractions containing rPgAg1 were tested for GDH activity using a spectrophotometric assay.
The reaction mixture was composed of a-ketoglutarate (substrate), ammonium ions, cofactor,
and test sample. The absorbance of the reaction mixture was measured at 340 nm in order to
quantify the amount of NAD(P) produced from reductive amination of a-ketoglutarate. When
NADH was supplied as the cofactor, rPgAg1 exhibited a high level of GDH activity. The specific
activity of rPgAg1 as a glutamate dehydrogenase enzyme was calculated to be 852 units/mg
protein (Table 9). The enzyme cloned from P. gingivalis was almost 20-fold more active than
the commercially-obtained bovine GDH (specific activity of 46 units/mg) used as a positive
control sample. GDH activity was not detected in rPgAg1 samples when NADPH was supplied
as the cofactor. It therefore appears that the P. gingivalis GDH is dependent on NAD for
biological activity.
The spectrophotometric assay was also performed using L-glutamate as substrate.
However, the reaction exhibited by all samples was significantly slower with L-glutamate than
with a-ketoglutarate as substrate. Plots of absorbance at 340 nm versus time did not show any
• linearity which could be used to accurately determine the rate of reaction. Under the assay
conditions used, it appeared that a-ketoglutarate was the preferred substrate for both the
P. gingivalis and bovine GDH enzymes. All subsequent spectrophotometric assays of GDH

activity were conducted with a-ketoglutarate as substrate.
GDH zymograms were also used to characterize the biological activity of the recombinant
and native PgAg1 molecules. Fractions containing soluble proteins from E. co/i JM83/pUC18
and BA3, and purified rPgAg1 and partially purified native PgAg1preparations were diluted in a
Tris, glycerol, bromophenol blue buffer, and applied to a non-denaturing polyacrylamide gel.
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TABLE 9 NAD-dependent glutamate dehydrogenase activity of rPgAg 1 a

Specific activity
(unitsb/mg protein)

Sample

E. coil JM83/pUC18 soluble fractions

0.3

E. cofi BA3 soluble fractionb

345

purified rPgAg1

852
46

purified bovine GDH

a As determined by a spectrophotometric assay using a-ketoglutarate as
substrate, and NADH as cofactor
b Unit definition: one unit will reduce 1.0 p.mole of a-ketoglutarate to Lglutamate per minute at 25°C and pH 8.1, in the presence of ammonium
ions and NADH
b Supernatant fraction after ultracentrifugation (100,000 xg, 1 hr, 4°C) of
disrupted cells
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After electrophoresis, the gel was incubated in a reaction mixture containing glutamate and
cofactor, as well as phenazine methosulphate and nitroblue tetrazolium dye. Where oxidative
deamination of L-glutamate to a-ketoglutarate occurred, dark bands of precipitated dye were
formed against a clear background. When NAD was used in the reaction mixture as cofactor, a
single band signifying the P. gingivalis GDH was observed in samples containing recombinant
or native PgAg1 (Figure 35B). When NADP was supplied as cofactor, no obvious GDH activity
was detected any of the PgAg1-containing samples (Figure 35C). As mentioned previously,
E. coli synthesizes a single NADP-dependent GDH. This enzyme was detected in the E. coli

JM83/pUC18 sample when assayed in the presence of NADP. Surprisingly, the E. coli GDH
was not detected in clone BA3.
A protein profile of the samples electrophoresed in non-denaturing gels was obtained by
staining proteins within the gel with silver nitrate. In the BA3 sample, the recombinant protein
was clearly defined from amongst the E. coli proteins (Figure 35A). The migration distance of
recombinant and native forms of PgAg1 in these protein profiles, corresponded to the migration
distance of the NAD-dependent GDH enzymes detected in these same samples in a GDH
zymogram (Figure 35B).
The spectrophotometric assay and GDH zymograms demonstrated that PgAg1 is the
subunit protein for a NAD-dependent glutamate dehydrogenase enzyme. Biological activity was
retained during the purification procedures used to isolate the recombinant and native
molecules.

3.15 Generation of a PgAg1-deficient isogenic mutant of Porphyromonas gingivalis
In order to clearly define the role of PgAg1 in P. gingivalis, an isogenic mutant strain lacking
this protein was generated. A deletion-replacement disruption was used to alter the pgagl
structural gene. The modified P. gingivalis gene, now containing an erythromycin resistance
(Emr) marker, was transferred into the parent organism on a suicide vector. After introduction
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FIGURE 35 Analysis of recombinant and native PgAg1 by glutamate dehydrogenase
zymography. Samples containing recombinant or native PgAg1 were analysed by nondenaturing polyacrylamide gel electrophoresis and GDH zymography. (A) 7.5% polyacrylamide
gel stained with silver nitrate; (B) zymogram showing NAD-dependent GDH activity; (C)
zymogram showing NADP-dependent GDH activity. L-glutamate was used as substrate for
detection of GDH activity. Lanes: 1, E. co// JM83/pUC18 soluble fraction; 2, E. co/i BA3 soluble
fraction; 3, purified rPgAg1; 4, partially purified native PgAg1.
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of DNA into P. gingivalis, cells were grown on erythromycin-containing medium to select for
those strains where the Emr marker had inserted into the chromosome of P. gingivalis.
Erythromycin-resistant P. gingivalis mutants were screened for strains where targeted
homologous recombination had occurred. A double cross-over event would result in exchange
of an intact pgagl gene for the modified gene carried on the suicide vector. A brief description
of the procedures used, and the results which were obtained are discussed below.
The pgagl structural gene was disrupted by the procedure summarized in Figure 36. A 400
by Accl-Accl fragment was removed from the centre portion of the pgagl gene (Figure 32)
carried on the plasmid pBA3-3. In its place, a 3.4 kb fragment, isolated from pNJR5, containing
the Bacteroides erythromycin resistance gene was inserted. The recombinant plasmid carrying
the deletion-disrupted pgagl gene was designated pBA3-10. E. coli cells containing pBA3-10
expressed a 21 kDa truncated recombinant protein as detected by Western blot immunoassay
using arPgAg1 (Figure 22, lane 5).
To facilitate transfer of the deletion-disrupted pgagl gene into P. gingivalis, the shuttle
vector pNJR5 which was developed for DNA mobilization between E. coli and colonic
Bacteroides species was used. Plasmid pNJR5 was digested with the restriction enzymes
BamHl and Clal, in order to remove a 7.7 kb fragment containing the Bacteroides Emr gene and

the Bacteroides origin of replication (the latter carried within DNA originating from pB8-51). The
9.7 kb BamHI-C/al fragment from this digest was isolated and ligated to a 5.7 kb fragment
containing the deletion-disrupted pgagl gene isolated from pBA3-10. This ligation yielded a
shuttle-suicide vector for transfer of the modified pgagl gene from E. coli to P. gingivalis. The
construct was designated pJOE1. E. coli cells carrying pJOE1 expressed a low level of a 21
kDa truncated recombinant protein (Figure 22, lane 3).
Plasmid pJOE1 carried an E. coli origin of replication and a kanamycin resistance gene
(Kmr) for maintainence and selection in E. coll. The kanamycin antibiotic resistance marker is
not functional in Bacteroides species. The Bacteroides Emr gene confers erythromycin
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FIGURE 36 Construction of the shuttle-suicide vector pJOE1 for inactivation of the P. gingivalis
pgagl gene (see text for further details).
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resistance to Bacteroides species, but is not active in E. coll. Plasmid pJOE1 carried DNA
elements for mobilization of the plasmid by transfer factors expressed from the helper plasmid
R751. These transfer functions originated from Bacteroides conjugal elements, however they
do appear to mediate DNA transfer into P. gingivalis as demonstrated by the mobilization of
shuttle vector pNJR5 (used in the construction of pJOE1) from E. coli to P. gingivalis (157). In
the absence of a Bacteroides origin of replication, pJOE1 was not expected to replicate in
P. gingivalis.

The plasmids pJOE1 and R751 were introduced into E. coli XL1. Medium containing both
kanamycin (to select for pJOE1) and trimethoprim (to select for R751) was used to isolate
E. coil strains carrying both vectors. The deletion-disrupted pgagl gene was introduced into
P. gingivalis by conjugal mating of E. coil donor cells and P. gingivalis. Samples of early-

exponential phase cells of E. coil XL1/R751,pJ0E1 and P. gingivalis ATCC 33277 were
combined. The cell mixture was transferred to a sterile cellulose membrane placed on top of
pre-reduced BHI-blood agar. Liquid from the applied cell suspension filtered through the
membrane into the agar, leaving bacterial cells adhering to the uppermost side of the
membrane. The BH I-blood agar plate containing the immobilized cells was incubated
anaerobically at 37°C for 48 hours, to allow for conjugal transfer of DNA from E. coil to
P. gingivalis. The membrane was then removed from the agar plate, and the cells washed off.

The cell suspension was spread-plated onto primary selection medium comprising pre-reduced
BHI-blood agar supplemented with erythromycin and gentamicin. Erythromycin was used to
select for P. gingivalis cells where the Emr gene introduced on pJOE1, had inserted into the
genome and was functional; gentamicin was included in the medium to inhibit growth of E. coil
donor cells. The primary selection plates were incubated anaerobically at 37°C for 4 weeks.
During that time, the plates were checked periodically for the appearance of P. gingivalis
colonies.
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From the E. coli XL1/R751,pJOE1-P. gingivalis ATCC 33277 mating, a total of 102
erythromycin-resistant P. gingiva/is colonies were isolated from the primary selection plates.
Each colony was inoculated onto a second, and subsequent third agar plate containing BHIblood medium supplemented with erythromycin and gentamicin. Thus, only those strains which
remained viable after two passages on selective medium were further analysed. Of the 102
colonies obtained from the primary selection plates, 53 stable P. gingivalis strains were
subsequently screened for the presence of a PgAg1-deficient isogenic mutant.
Whole cell lysates of the putative PgAg1-deficient P. gingivalis mutants were firstly screened
by Western blot immunoassay using arPgAg1. Strains expressing PgAg 1 exhibited an
immunoreactive 51 kDa protein band. This immunoreactive protein appeared to be absent from
nine of the putative mutant strains. Genomic DNA was isolated from each of these nine strains,
completely digested with Hindlll, and analysed by Southern blot hybridization. The 3.7 kb insert
DNA fragment in pBA3 was purified and used as a probe. Only one strain, P. gingivalis E51,
showed a hybridization pattern consistent with complete loss of the normal pgagl gene and
insertion of the modified pgagl gene into the bacterial chromosome. The results of this analysis
of P. gingivalis E51 are shown subsequently. The other eight erythromycin-resistant, putative
PgAg1-deficient P. gingivalis mutants appeared to have arisen from a gene duplication event.
Genetic, protein, and biological studies of P. gingivalis E51, a PgAg1-deficient isogenic mutant
of P. gingivalis, are presented in the following section.

3.16 Characterization of mutant strain Porphyromonas gingivalis E51
3.16.1 Southern blot hybridization
From preliminary genetic analysis of P. gingivalis E51, it appeared that an intact pgagl gene
in the P. gingivalis chromosome had been replaced by a deletion-disrupted gene. It was
necessary to clearly define the DNA rearrangement which had occurred in the chromosome as
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a result of homolgous recombination between pJOE1 and chromosomal DNA (Figure 37).
P. gingivalis E51 genomic DNA was isolated and analysed by Southern blot hybridization.
Genomic DNA was completely digested with either HindiII or Pstl, then probed with the 3.7
kb Pstl-Pstl insert DNA fragment isolated from pBA3. If a single cross-over event had occurred
between the P. gingivalis chromosome and pJOE1 (resulting in gene duplication), the probe
was expected to hybridize with fragments of >15, >3.4 kb in the Hind111-digested genomic DNA
from P. gingivalis E51, and 13.8, 3.2 kb in the Pstl-digested genomic DNA from P. gingivalis
E51 (Table 10). However, if a double cross-over event had occurred (resulting in allelic
exchange), hybridizing bands of >3.4, >2.6 in Hindlll-digested genomic DNA from P. gingivalis
E51, and 6.7 kb in Pstl-digested genomic DNA from P. gingivalis E51 were expected. The
P. gingivalis E51/HindlIl sample exhibited two hybridizing bands at 6.5 and 5.6 kb (Figure 38,
lane 4). A single band at 7.1 kb was observed in the P. gingivalis E51/Pstl sample (Figure 38,
lane 6). These observations compared well with the expected results if allelic exchange had
occurred due to a double cross-over event between pJOE1 and P. gingivalis chromosomal
DNA. Digested plasmid samples were used as controls for hybridization of probe 1 (the 3.7 kb
DNA fragment containing the pgagl gene). The probe was shown to hybridize with pgaglcontaining DNA fragments of 6.5 kb in pBA3/Hindlll (Figure 38, lane 1), and 6.0, 2.7 kb in pBA310/HindlIl (Figure 38, lane 2). In the pBA3-10/Hindlll sample, the probe did not hybridize to the
0.7 kb fragment which does not contain any portion of the pgagl gene.
P. gingivalis E51 genomic DNA digested with Pstl was also probed with a 3.4 kb EcoRI-Clal
fragment, isolated from pNJR5, containing the Bacteroides Emr gene. A single hybridizing band
of 7.1 kb was observed in the P. gingivalis E51/Psti sample (Figure 39, lane 3). DNA
sequences homologous to the probe were not detected in the genomic DNA sample from
P. gingivalis ATCC 33277 (Figure 39, lane 2). A sample of EcoRI,C/al-digested pNJR5 was
used as a control for hybridization of probe 2 (the 3.4 kb fragment containing the Bacteroides
Emr gene). The pNJR5/EcoRI,C/al sample contained two DNA fragments, one of 14 kb which
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FIGURE 37 Alternative possibilities for targeted homologous recombination between suicide vector pJOE1
and P. gingivalis chromosomal DNA. H, Hindlll; P, Pstl.
probe 1
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TABLE 10 Southern blot hybridization analysis of genomic DNA from
Porphyromonas gingivalis strains ATCC 33277 and E51

Probe

DNA

Expected hybridizing bands
(kb)
single X-over
eventa

3.7 kb
fragment
containing
pgagl

pBA3/Hindl I I

double X-over
eventa
6.4

6.5

5.6, 2.6

6.0, 2.7

>3.7

9.6

E51/HindlIl

>15, >3.4^or^>3.4, >2.6

6.5, 5.6

33277/Pstl

3.7

4.0

pBA3-10/Hindlll
33277/Hindl I I

E51/Pstl
3.4 kb
fragment
containing the

Observed
hybridizing
bandsb (kb)

13.8, 3.2^or^6.7

pNJR5/EcoRI,Clal

7.1

3.4

22, 3.8

none

none

13.8^or^6.7

7.1

Bacteroides
Ems gene

33277/Pstl
E51/Pstl

a Only applicable to genomic DNA from P. gingivalis E51
b Refer to results shown in Figures 38 and 39
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FIGURE 38 Southern blot hybridization analysis of chromosomal DNA from P. gingivalis strains
ATCC 33277 and E51, using the pgagl gene as probe. (A) 0.8% agarose gel stained with
ethidium bromide; (B) Southern blot of the gel probed with the 3.7 kb Pstl-Pstl fragment from
pBA3. Lanes: S, molecular weight standards; 1, HindlIl-digested pBA3; 2, Hind11I-digested
pBA3-10; 3, HindlIl-digested genomic DNA from P. gingivalis 33277; 4, Hind11I-digested
genomic DNA from P. gingivalis E51; 5, Pstl-digested genomic DNA from P. gingivalis 33277; 6,
Pstl-digested genomic DNA from P. gingivalis E51. Numbers on the left indicate size in
kilobases.
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FIGURE 39 Southern blot hybridization analysis of chromosomal DNA from P. gingivalis strains
ATCC 33277 and E51, using the Bacteroides Emr gene as probe. (A) 0.8% agarose gel stained
with ethidium bromide; (B) Southern blot of the gel probed with the 3.4 kb EcoRl-Clal fragment
from pNJR5. Lanes: S, molecular weight standards; 1, EcoRI,C/al-digested pNJR5 (the amount
present in the Southern blot is 1 1400th of that shown in the agarose gel); 2, Pstl-digested
genomic DNA from P. gingivalis 33277; 3, Pstl-digested genomic DNA from P. gingivalis E51.
Numbers on the left indicate size in kilobases.
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does not contain any portion of the Bacteroides Emr gene, and one of 3.4 kb which is identical
to the probe. Southern hybridization analysis revealed the presence of two hybridizing bands of
22 kb and 3.8 kb (Figure 39, lane 1). A single hybridizing band of 3.4 kb was expected; it is
likely that the higher band (calculated to be 22 kb) represents a linear form of the entire pNJR5
molecule (17.4 kb) due to cleavage by only one of the enzymes in the double digest.
The results from Southern hybridization analysis of genomic DNA demonstrated that, in
P. gingivalis E51 the intact chromosomal pgagl gene had been exchanged for the deletion-

disrupted allele. P. gingivalis E51 therefore represented a true isogenic mutant with an altered
gene for the cell surface-associated PgAg1/GDH subunit protein.
3.16.2 Protein characterization
SDS-PAGE protein profiles of whole cell lysates of the wild-type strain (P. gingivalis ATCC
33277) and the mutant stain (P. gingivalis E51) were compared (Figure 40A). The only
discernible difference between the two protein profiles seemed to be the appearance of an
enhanced protein band at approximately 55 kDa in the P. gingivalis E51 sample.. It was not
clear that any proteins were missing in the mutant sample due to inactivation of the pgagl gene.
However, when these whole cell lysate samples were probed with arPgAg1 in a Western blot
immunoassay, a single immunoreactive band, denoting PgAg1, was observed in the wild-type
strain, but was not evident in the mutant strain (Figure 40B). It appeared that P. gingivalis E51
did not express a detectable intact, or truncated, PgAg1 molecule.
Whole cells of wild-type and mutant P. gingivalis were resuspended in a buffer containing
Tris, glycerol, and bromophenol blue, and applied to a non-denaturing polyacrylamide gel. After
electrophoresis, proteins were either detected by silver nitrate staining, or transferred to a
nitrocellulose membrane for Western blot immunoassay analysis. A comparison of the protein
profiles of these P. gingivalis samples in a non-denaturing polyacrylamide gel, clearly revealed
that a prominant protein in the wild-type strain was absent from the mutant strain (Figure 41A).
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FIGURE 40 SDS-PAGE analysis of P. gingivalis strains ATCC 33277 and E51. (A) SDS-10%
polyacrylamide gel stained with silver nitrate; (B) Western blot of the gel reacted with arPgAg1.
Lanes: S, protein standards; cell lysate of 1, P. gingivalis 33277; 2, P. gingivalis E51. Numbers
on the left indicate molecular mass in kilodaltons.
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FIGURE 41 Analysis of non-denatured samples of P. gingivalis strains ATCC 33277 and E51.
(A) 7.5% polyacrylamide gel stained with silver nitrate; (B) zymogram showing NAD-dependent
GDH activity; (C) Western blot of the gel reacted with arPgAg1. L-glutamate was used a
substrate for detection of GDH activity. Lanes: 1, P. gingivalis 33277; 2, P. gingivalis E51.
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This protein was reactive with antibodies to rPgAg1 as shown in a Western immunoblot (Figure
41 C). The results observed using non-denaturing polyacrylamide gels confirmed the earlier
conclusion that the mutant strain P. gingivalis E51 does not express the PgAg1 protein.
To further characterize the mutant strain, antibodies to rPgAg1 were used in immunogold
labelling analysis of intact cells of P. gingivalis ATCC 33277 and P. gingivalis E51. Incubation
of wild-type P. gingivalis with arPgAg1 resulted in cell surface-labelling of these cells with
colloidal gold beads (Figure 42A). However, P. gingivalis E51 cells treated with arPgAg1
antibodies were not significantly labelled with collodial gold (Figure 42B). Immunogold label on
the surface of P. gingivalis ATCC 33277, but not on P. gingivalis E51, provided additional
evidence for the cell surface location of PgAg1. The apparent absence of PgAg1 on the cell
surface of the mutant P. gingivalis strain provided further support for the inactivation of this
protein due to deletion-disruption of the pgagl gene in the chromosome.
3.16.3 Biological characterization
The GDH activity of the wild-type and mutant P. gingivalis stains were measured
spectrophotometrically. Using a-ketoglutarate as substrate and NADH as cofactor in the
reaction mixture, the activity of NAD-dependent GDH enzymes in each P. gingivalis sample was
quantified. A fraction containing soluble proteins from the wild-type strain exhibited GDH
activity of 70 units/mg protein. In contrast, a sample containing soluble proteins from the mutant
strain showed almost negligible GDH activity (0.05 units/mg).
P. gingivalis ATCC 33277 and P. gingivalis E51 cells were assayed for activity using a GDH

zymogram with glutamate as substrate. With NAD as cofactor, a single band indicative of a
NAD-dependent GDH was detected in the wild-type sample, but not in the mutant sample
(Figure 41 B). This GDH enzyme had a migration distance in the non-denaturing gel which was
identical to PgAg1 detected in a protein profile of P. gingivalis ATCC 33277 cells (Figure 41A).
When NADP was supplied as cofactor, no GDH activity was detected in either the wild-type or
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FIGURE 42 Immunogold bead labelling of PgAg1 on the surface of P. gingivalis strains ATCC
33277 and E51. P. gingivalis cells were incubated with arPgAg1, followed by gold beads
conjugated to goat anti-rabbit IgG. The cells were negatively stained with ammonium molybdate
and viewed by electron microscopy. Panel: (A) P. gingivalis ATCC 33277; (B) P. gingivalis E51.

152

mutant P. gingivalis samples. This suggests that P. gingivalis synthesizes only one GDH
enzyme which is dependent on NAD for activity. Deletion-disruption of the pgagl gene in the
chromosome appeared to abolish NAD-dependent GDH activity in this organism.
In the growth of P. gingivalis E51 cultures for characterization studies, it was observed that
the mutant strain grew more slowly than wild-type cells. This suggested that loss of PgAg1 from
P. gingivalis had an affect on cell metabolism. Alternatively, poor growth of strain E51 could be

due to weak expression of the Bacteroides Emr gene in P. gingivalis (E51 was routinely grown
in medium containing 1014/m1 erythromycin). This is based on the experience of Maley et al.
(157) who reported difficulties in maintaining P. gingivalis containing pNJR5 (the plasmid
confers erythromycin resistance to P. gingivalis) on erythromycin-containing medium. They
postulated that this was due to poor expression of the plasmid-borne Cc-Emr selection marker
in P. gingivalis. The gene for erythromycin selection present in the chromosome of P. gingivalis
E51 originated from pNJR5. With the exception of P. gingivalis E51, the other erythromycinresistant P. gingivalis mutants which were obtained in this study appeared to grow at a similar
rate to wild-type P. gingivalis. This was an indication that the slow growth of P. gingivalis E51
was due to loss of PgAg1 rather than poor expression of the Emr gene.
To clearly assess the affect of loss of PgAg1 on the growth of P. gingivalis, a study was
conducted to compare growth of P. gingivalis strains ATCC 33277 and E51 in medium without
antibiotics. In the absence of erythromycin, growth of P. gingivalis E51 would not be dependent
on expression of the Bacteroides Emr gene. Revertant cells were not expected as a fragment
of the pgagl gene, encoding 91 amino acids in the middle of the intact protein, was missing in
the mutant strain. In the event of excision of the Emr gene from the chromosome, it was highly
unlikely that a functional PgAg1 protein would be expressed.
As inocula for the growth study, P. gingivalis strain ATCC 33277 was grown in BHI broth
and strain E51 in BHI broth containing 10 µg/ml erythromycin to mid-exponential phase (0D600
of 0.55). Fresh BHI broth was inoculated with either 0.5%v/v P. gingivalis ATCC 33277 or E51.
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P. gingiva/is E51 was also inoculated into BHI broth supplemented with 10 mM glutamate. In

the unlikely event that the NAD-specific GDH participates in glutamate biosynthesis in vivo, the
addition of free glutamate to the medium may compensate for the loss of the biosynthetic
enzyme in P. gingivalis E51. Provision of free glutamate may enhance the growth of the mutant
strain. A sample was taken from each culture at various times during growth, and the number
of cells determined by measuring optical density at 600 nm. A graph of the growth pattern of
each P. gingivalis strain showed that the mutant strain (P. gingivalis E51) had a longer lag
phase and appeared to grow more slowly than the wild-type strain (Figure 43). P. gingivalis
ATCC 33277 entered stationary phase at an OD600 of 1.8. However, the mutant strain grew to
only OD600 of 1.0. Growth of P. gingivalis E51 in medium supplemented with 10 mM glutamate
was similar to growth in non-supplemented broth.
During the growth study, samples of the P. gingivalis cultures were taken in late exponential
phase and plated on BHI-agar with and without erythromycin. On erythromycin-containing
medium P. gingivalis ATCC 33277 did not grow, however P. gingivalis E51 colonies were
observed. A similar amount of P. gingivalis E51 growth was detected on medium not containing
antibiotic. Although the numbers of cells were not quantified, it appeared that most P. gingivalis
E51 cells still harbored the Emr gene in the chromosome.
Growth of P. gingivalis E51 in broth culture in the presence of erythromycin was also
investigated (Figure 44). The difference in growth between strains E51 and ATCC 33277 was
similar to that observed in the growth study without antibiotics. That is, the mutant strain had a
longer lag phase than the wild-type strain, and appeared to grow at a slower rate. A logi 0arithmetic plot was used to determine the generation time for each strain. The mean doubling
time for P. gingivalis ATCC 33277 was calculated to be 2.7 hours, while that of P. gingivalis E51
was 4.3 hours.
Although growth of P. gingivalis E51 with and without erythromycin was not compared in the
same experiment, it does appear that expression of the Emr gene does not significantly affect
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FIGURE 43 Growth patterns of P. gingivalis strains ATCC 33277 and E51. A 0.5% inoculum of
P. gingivalis (0D600 of 0.55) was added to BHI broth. Strain E51 was also inoculated into

medium supplemented with 10 mM glutamate.
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the growth rate of the mutant strain. This is based on the observation that two cultures grown
without erythromycin (Figure 43) reached the same cell density as a culture grown with
erythromycin (Figure 44). It seems that with or without erythromycin, P. gingivalis E51 cultures
grown in BHI medium are unlikely to reach an 00600 higher than 1.0.
P. gingivalis E51 cells deficient in the PgAg1 protein were also investigated with regards to

two adherence characteristics. Firstly, the mutant strain was compared with the wild-type strain
in a haemagglutination assay. Two-fold dilutions of each cell type, from starting samples of
equal cell density, were tested. Both strains appeared to agglutinate erythrocytes equally well.
Secondly, P. gingivalis E51 was compared to P. gingivalis ATCC 33277 in a coaggregation
assay using Actinomyces naeslundii PK606 as the coadhesion partner. Wild-type and mutant
P. gingivalis cell samples of equal cell density were titrated out and assayed, in order to

determine the relative coaggregation abilities of each strain. No difference was observed
between P. gingivalis E51 and P. gingivalis ATCC 33277 strains in their ability to adhere to
A. naeslundii.
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DISCUSSION
1. CHARACTERIZATION OF CLONE ESCHERICHIA COLI BA1
E. coli strain BA1 was originally identified as a putative haemagglutinin clone based on the

ability of whole cells to agglutinate erythrocytes. This biological activity however, was not
exclusive to BA1 in that control cells of E. coil JM83/pUC18 frequently exhibited weak but
detectable haemagglutinating activity. The presence of the recombinant plasmid pBA1
enhanced, by 4- to 8-fold, the intrinsic activity shown by E. coil JM83/pUC18. The working
hypothesis was that enhancement of haemagglutinating activity was due to expression of a
foreign haemagglutinin molecule cloned from P. gingivalis ATCC 33277.
P. gingivalis ATCC 33277 genomic DNA was screened by Southern blot hybridization

analysis under high stringency conditions, using the 2.9 kb Pstl-Pstl DNA fragment from pBA1
as a probe. A single hybridizing band at 2.9 kb observed in the genomic DNA sample,
confirmed the origin of the cloned DNA (Figure 13).
All efforts to identify the putative P. gingivalis haemagglutinin expressed in clone BA1 were
futile. Unique proteins (signifying cloned gene products) were not observed on comparison of
the protein profile of E. coil BA1 to that of strain JM83/pUC18. Similarly, unique
immunoreactive proteins were not observed in Western blot immunoassay analyses of whole
cell lysates of BA1 using aPg33277, aHA, or aBA1 antiserum. Native P. gingivalis proteins
corresponding to recombinant molecules were not identified in analysis of P. gingivalis cell
lysates by Western blot immunoassay using aBA1. It appeared that expression of cloned
proteins from pBA1 was at a level too low for characterization studies.
The 2.9 kb Pstl-Psti cloned DNA fragment was isolated from pBA1, and re-cloned into pT7
vectors of the T7 RNA polymerase/promoter high-level expression system developed by Tabor
and Richardson (277). Two recombinant proteins, of apparent molecular weights 24 and 33
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kDa, were clearly identified by SDS-PAGE (Figure 14), and exclusive radiolabelling using
methionine and

14 C-leucine

35 S-

(Figure 15).

The 33 kDa cloned gene product appeared to be expressed from an intact structural gene,
with translation of the protein initiated from a ribosomal binding site within the cloned DNA
fragment. Expression of the 24 kDa recombinant protein was dependent on provision of an
ATG translational start codon and/or an exogenous rbs. Both the 24 and 33 kDa gene products
were transcribed in the same direction. From the orientation of the 2.9 kb Pstl-Pstl cloned DNA
fragment in pBA1, it appeared that transcription of the open reading frames for these two gene
products was in the opposite direction to transcription from the lacZ' promoter on the cloning
vector. It did not appear that expression of these cloned genes in pBA1 would be under the
control of the lacZ' promoter. The 24 kDa recombinant protein was therefore unlikely to be
expressed from pBA1. The 33 kDa gene product could conceivably be transcribed from pBA1,
if a promoter sequence recognized in E. coil had been cloned along with the open reading
frame for the 33 kDa protein.
Many attempts were made to define the relationship between each of the cloned proteins
and P. gingivalis. Neither recombinant protein appeared to react immunologically with
antibodies present in aPg33277 or aHA antiserum preparations. Antibodies raised to the 24
kDa and 33 kDa proteins did not react with proteins in whole cell lysate samples of P. gingivalis
or E. coil BA1. These immunological studies did not indicate an association between the 24
and 33 kDa gene products and proteins in P. gingivalis or the original haemagglutinationpositive clone E. coil BA1.
Preliminary characterization of the haemagglutinating activity exhibited by BA1 did not
reveal clear evidence that a P. gingivalis haemagglutinin was present. Furthermore, the 24 and
33 kDa recombinant gene products expressed from pAJ167 did not demonstrate
haemagglutinating activity. Adhesin molecules which are free in solution are unlikely to exhibit
haemagglutinating activity, however they will frequently act as inhibitors of adherence.
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Preparations of the 24 and 33 kDa proteins did not inhibit P. gingivalis haemagglutinating
activity. The antibody preparations a24K, a33K, and oBA1 also did not block P. gingivalis from
binding to erythrocytes.
The NH2-terminal amino acid sequence for each of the 24 and 33 kDa cloned proteins was
determined (Table 4). A NBRF protein database search did not reveal any marked similarity
between the sequences of the 24 and 33 kDa proteins and other listed protein sequences. The
NH2-terminal amino acid sequences for the cloned proteins were also not homologous to any
sequences reported for various P. gingivalis proteins. Although several groups have isolated
haemagglutinins from P. gingivalis, there have been no published reports of primary sequence
data for these molecules.
Progulske-Fox et al. (215) have cloned a haemagglutinin from P. gingivalis 381, and have
published a restriction map for the P. gingivalis DNA fragment carrying the haemagglutinin
gene. This restriction map was compared to that of the cloned DNA fragment in pBA1 (Figure
12). The cleavage site for only one restriction enzyme (Smal) appeared to be common to both
cloned DNA fragments. This suggests that the haemagglutinin gene cloned by Progulske-Fox
et al. is different to the genes encoded on the cloned fragment in pBA1. Furthermore, the size
of the cloned P. gingivalis 381 haemagglutinin is reported to be 42 kDa (94), similar to native
P. gingivalis haemagglutinins characterized by Mouton et al. (179) and Singh (243). This is in

contrast to the 24 kDa and 33 kDa recombinant proteins expressed from the cloned fragment
encoding a putative haemagglutinin from P. gingivalis ATCC 33277.
The relationship between the 24, 33 kDa recombinant proteins (expressed from pAJ167),
P. gingivalis ATCC 33277, and E. coli BA1 remains undefined. It was not clear that the

enhanced haemagglutinating activity exhibited by E. coli BA1 was due to expression of a cloned
P. gingivalis haemagglutinin. The 33 kDa recombinant gene product would have been the likely

candidate as the cloned adhesin. However, the results obtained from use of the T7 RNA
polymerase/promoter expression system, show that this molecule could only be expressed from
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pBA1 under the control of an E. co/i-compatible promoter sequence within the cloned DNA
fragment. No cloned gene products were detected as being expressed from the recombinant
plasmid pBA1.
There are several possible explanations for the difficulties encountered in the study of the
putative haemagglutinin clone E. coli BA1. Recombinant gene products of 24 and 33 kDa were
identified using a high-level expression system. The corresponding native P. gingivalis proteins
and cloned proteins expressed in BA1 may be present at such a low level to prohibit
identification using a24K or a33K antibody preparations in Western blot immunoassays. A
chromogenic detection system utilizing alkaline phosphatase and the substrates BCIP/NBT was
used. A number of luminescent detection systems have recently been developed for
visualization of bound antigens. These luminescent detection methods are more sensitive than
chromogenic assays. Low levels of the native proteins in P. gingivalis, and cloned proteins in
E. coli BA1, may possibly be detected in immunoassays utilizing a luminescent detection

system.
The 24 kDa and 33 kDa proteins expressed in E. coli LE392/pGP1-2,pAJ167 may not be
processed in the same manner as the corresponding native molecules. It is possible that
antibodies generated towards these recombinant proteins do not recognize epitopes present on
the native P. gingivalis molecules, or epitopes on the cloned proteins expressed in BA1.
Similarly, antibodies present in aPg33277 antiserum may not recognize epitopes present on the
recombinant 24 kDa and 33 kDa proteins. Polyclonal antisera were generated towards
denatured 24 and 33 kDa proteins. Therefore it was surprising that antibodies in both a24K and
a33K samples did not recognize the denatured form of the corresponding native P. gingivalis
molecules.
The inability to establish a link between the 24 and 33 kDa gene products and P. gingivalis,
may be because the 2.9 kb fragment cloned into the pT7 vectors does not carry true genes
expressed in P. gingivalis. There are two possibilities. Firstly, a gene rearrangement event

161

may have occurred prior or subsequent to transfer of the cloned 2.9 kb fragment into the T7
RNA polymerase/promoter system. The insert DNA in the pAJ series of plasmids was checked
for total size, and the size of fragments generated from a Xbal, BgAl double digest (in order to
determine the orientation of the cloned fragment). These analyses did not show a detectable
difference between the insert DNA in the pAJ plasmids and pBA1. A minor gene rearrangement
however, may not be easily identified. It would have been interesting to transfer the 2.9 kb
insert fragment in pAJ167 back into pUC18, to re-generate pBA1. E. coli JM83 cells containing
re-generated pBA1 could have been tested for haemagglutinating activity to check if this
phenomenon was still evident. The second possibility is that the 24 and 33 kDa proteins result
from random open reading frames transcribed as an artifact of the T7 RNA
polymerase/promoter expression system. If this is the case, it is difficult to account for the
enhanced haemagglutinating activity exhibited by E. coli BA1. The presence of the recombinant
plasmid pBA1 appears to modify the E. coil JM83 host cell in an unknown manner. This
modification seems to enable these cells to bind more effectively to erythrocytes compared to
control cells E. coli JM83/pUC18.
The original working hypothesis that clone E. coil BA1 expressed a recombinant
P. gingivalis haemagglutinin was not supported by experimental evidence. The basis of the

enhanced haemagglutinating activity shown by BA1 remains undetermined.

2. CHARACTERIZATION OF CLONE ESCHERICHIA COLIBA3
E. coli BA3 was shown to express a high level of a 48 kDa recombinant protein (designated

rPgAg1) (Figure 11A, lane 3). Southern blot hybridization analysis of chromosomal DNA using
the 3.7 kb Pstl-Pstl insert fragment from pBA3 as a probe, confirmed that the cloned DNA
originated from P. gingivalis ATCC 33277 (Figure 19). Characterization of PgAg1 revealed it to
be the subunit protein for a NAD-specific glutamate dehydrogenase enzyme.
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The NH2-terminal amino acid sequence of PgAg1 was found to be identical to that of a 47
kDa immunodominant antigen of P. gingivalis identified by Curtis and co-workers (28, 45).
These researchers demonstrated that serum taken from periodontal patients contained
antibodies which recognized this 47 kDa P. gingivalis protein. Significantly less reactivity was
observed with serum samples from patients with little or no history of periodontal disease (45,
55). A comparison of characteristics exhibited by the 47 kDa immunodominant antigen and
PgAg1 clearly indicated that they were the same molecule (Curtis, personal communication).
Antibodies generated towards PgAg1 in response to infection by P. gingivalis suggests that this
protein may be particularly immunogenic in a P. gingivalis infection. The detection of serum
antibodies to PgAg1 may be useful as a means of determining past or current infection with
P. gingivalis. PgAg1 may also serve as an effective vaccine component in order to induce

antibodies against this organism.
The pgagl gene appears to have been cloned with a promoter sequence as high-level
expression of the recombinant protein was not dependent on the insertional orientation of the
cloned fragment. E. coli cells carrying pBA3R (with the cloned fragment in the opposite
orientation to pBA3) (Figure 21) synthesized rPgAg1 in quantities equivalent to those produced
in E. coli BA3 cells. A promoter element associated with the pgagl gene seems to be well
recognized by the transcriptional apparatus of E. coll. Kimpel and Clarke (126) suggested that
E. coli RNA polymerase may not be sufficiently similar to P. gingivalis RNA polymerase to

recognize P. gingivalis promoter sequences. However, a promoter sequence associated with
the cloned pgagl gene is functional, and generates a highly expressed gene product in E. coll.
The nucleotide sequence of the 2.0 kb Cial-BgAl DNA fragment containing the pgagl gene
and associated promoter element was determined (Figure 32). Potential -35, -10 regions as
promoter elements for the pgagl gene, and a prokaryotic ribosome binding site were identified.
The promoter regions were located on the basis of consensus with E. coli promoter sequences.
Potential promoter regions have also been identified for P. gingivalis protease (21) and
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superoxide dismutase (38) genes, based on homology with E. coli promoter sequences. For
the superoxide dismutase gene, transcription in E. coli was not initiated from the putative
promoter, but from the IacZ' promoter on the cloning vector. The P. gingivalis protease gene
does not appear to be expressed very efficiently from its own promoter in E. coll. A second
protease gene (10) and a 13-N-acetyl-hexosaminidase (152) have been reported to be
expressed from P. gingivalis promoters in E. coli, however promoter sequences have not been
identified. Very little is known about promoter sequences which function in Porphyromonas
species. The recombinant PgAg1 protein is highly expressed from a promoter sequence within
the cloned DNA fragment. However, this may be due to the fortuitous presence of a sequence
homologous to that of E. coli promoters, rather than transcription from a true P. gingivalis
promoter. To identify the actual P. gingivalis promoter associated with the pgagl gene, one
could isolate P. gingivalis RNA polymerase and analyse transcription, or binding of RNA
polymerase to DNA, from the cloned DNA fragment by deoxyribonuclease I protection mapping.
In preliminary analysis of clones expressing putative P. gingivalis cell surface components,
reactivity of rPgAg1 with aPg33277 in Western blot immunoassays (Figure 11 B, lane 4)
indicated that the recombinant protein was likely to be a surface-associated component of
P. gingivalis. Cellular localization studies were conducted to provide evidence that the native

PgAg1 molecule was present on the outer surface of P. gingivalis. Three observations in these
studies indicated that the native P. gingivalis component is cell surface-associated. Firstly,
Western blot immunoassay analysis with arPgAg1 showed the PgAg1 protein to be present in a
membrane fraction of P. gingivalis ATCC 33277 (Figure 18B). Secondly, the detection of
immunogold label on the surface of intact P. gingivalis cells (Figures 23B and 42A) indicated
that antigenically reactive epitopes of native PgAg1 are exposed outside the cell and thus
accessible to antibodies. Thirdly, intact cells of P. gingivalis E51, a PgAg1-deficient isogenic
mutant strain of P. gingivalis, were not labelled with colloidal gold beads after treatment with
arPgAg1 (Figure 42B). This indicated that antibodies in the arPgAg1 preparation were binding
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specifically to PgAg1 on the surface of P. gingivalis ATCC 33277, and not to a cross-reactive
cell surface antigen. The studies of Curtis et al. (45, 55) provide further support for the cell
surface location of PgAg1, in that this protein appears to be an immunodominant antigen in
P. gingivalis infections. The immediate response of the immune system is usually to the most

accessible foreign antigens, generally those present on the surface of an infecting organism.
The deduced amino acid sequence for PgAg1 did not reveal the presence of a leader
sequence typical of proteins transported through the membrane. However, several exported
proteins from other organisms also appear to lack a recognizable NH2-terminal signal peptide.
These include flagellin (197) and a surface-layer (S-layer) protein (77) from Cau/obacter
crescentus, S-layer proteins of Rickettsia prowazekii (30) and Campy/obacter fetus (18),

haemolysin of uropathogenic E. coli strains (19), and metalloprotease B of Erwinia
chrysanthemi (48, 49). Secretion of these proteins may involve molecular chaperones which

facilitate particular stages of protein export.
A hydropathy plot of the PgAg1 protein (Figure 33) showed a hydrophobic region of
approximately 20 residues at the COOH-terminus. This hydrophobic domain may play a role in
localizing the molecule to the P. gingivalis cell surface, by (i) acting as an anchor inserted into
the lipid bilayer of the outer membrane, or (ii) by hydrophobic interaction with hydrophobic
regions on the outer surface of P. gingivalis.
Western blot immunoassays of P. gingivalis and E. coli BA3 samples showed a size
discrepancy between the native PgAg1 protein (51 kDa) and the recombinant molecule (48
kDa) (Figure 18B). All samples in the Western immunoblot were prepared with reducing agent
and heated to 95°C for 10 minutes, in order to completely denature the proteins. Further SDSPAGE analysis of E. coli BA3 samples prepared with and without reducing agent and/or heating
demonstrated that the electrophoretic migration distance of the recombinant protein was the
same. The observed 51 and 48 kDa forms of PgAg1 could therefore not be attributed to
different conformations of the molecule. There were three possible explainations for the size
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difference between the native and recombinant proteins. Firstly, an intact pgagl gene may not
have been cloned, resulting in expression of a truncated recombinant protein of 48 kDa.
Alternatively, an intact gene may express a mature protein of 48 kDa, which in P. gingivalis
undergoes post-translational modification, or associates with another P. gingivalis component,
such that the final native form of the antigen (or antigen complex) is 51 kDa. The third
possibility was that the recombinant protein synthesized from the cloned DNA in E. co/i BA3
was 51 kDa, however rapid and specific degradation in the cloning host resulted in the
accumulation of a more stable 48 kDa product.
Analysis of deletion subclones derived from pBA3 (Figure 21) had localized the pgagl
structural gene to a central portion of the cloned 3.7 kb DNA fragment. There was sufficient
cloned DNA downstream from the location (within a 300 by EcoRI-Clal region) of the ATG
translational start site to encode a molecule in excess of 51 kDa. It therefore appeared that an
intact structural gene would have been cloned.
SDS-PAGE analysis of E. coli BA3 whole cell lysates showed the recombinant protein to be
48 kDa. However, immunological analysis of a partially purified rPgAg1 preparation using
arPgAg1, revealed the presence of an immunoreactive 51 kDa molecule in addition to the 48
kDa form of rPgAg1 (Figure 29, lane 4). Storage of the partially purified rPgAg1 sample at
-20°C for three months resulted in noticeable loss of the immunoreactive 51 kDa species
relative to the other proteins in the preparation.
Fresh samples of P. gingivalis whole cell lysate probed with arPgAg1 in a Western blot
immunoassay showed the native molecule to be 51 kDa (Figure 29, lane 2). However, cell
lysates stored at -20°C for several months exhibited an immunoreactive P. gingivalis protein
migrating at 48 kDa (Figure 29, lane 3). Both the recombinant and native molecules therefore
appear to exist in a 51 kDa form which is altered to 48 kDa.
The recombinant PgAg1 protein and the native molecule were purified (Figure 30) and
partially purified (Figure 31), respectively. The recombinant and native proteins eluted from an
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anion exchange column at identical salt concentrations. During the purification procedures,
degradation of the 51 kDa form of both recombinant and native molecules resulted in final
preparations containing the 48 kDa species.
It remains to be determined which of the following two possibilities account for the
relationship between the 51 and 48 kDa molecules. The first possibility is that the 51 kDa
species is the result of an additive post-translational modification of a 48 kDa protein
synthesized from pgagl. If this is the case, modification of the 48 kDa species appears to occur
in both E. coli and P. gingivalis. The instability of the modified product suggests that the posttranslational alteration may be reversible, for example, reversible protein phosphorylation.
Phosphorylation has previously been demonstrated with, and may be a regulatory feature of,
the E. coli NADP-dependent glutamate dehydrogenase (143). All six subunits of the E. coli
hexameric enzyme were phosphorylated. Phosphorylation of the 48 kDa form of PgAg1 in
order to generate the 51 kDa species would involve the incorporation of 25 to 30 phosphate
groups. Although this would be possible in that there are a sufficient number of residues which
may be modified, it seems unlikely that such a large number of phosphate groups would be
added to the 48 kDa protein. This also applies to reversible methylation or adenylylation, where
an unusually high number of methyl or adenylyl groups would have to be attached to the 48 kDa
species in order to generate the 51 kDa protein. To investigate the possibility of posttranslational alterations, purified 48 kDa PgAg1 could be assessed for its ability to undergo
post-translational modification in an in vitro modification system.
The second possibility is that the 48 kDa form of PgAg1 is a degradation product of a 51
kDa molecule synthesized directly from pgagl. The consistent size of the degradation product
suggests the presence of a particularly susceptible or specific proteolytic cleavage site. Protein
sequencing revealed that the 48 and 51 kDa rPgAg1 molecules, and the 48 kDa form of the
native protein possessed identical NH2-terminal amino acid sequences (Results, section 3.12).
This indicates that if a 51 kDa protein is synthesized directly from pgagl, degradation occurs
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near the COOH-terminal in order to generate a 48 kDa species. Determination of the COOHterminal amino acid sequence of the 48 and 51 kDa molecules may assist in clarifying the
relationship between these two forms of PgAg1.
It was hoped that nucleotide sequencing would assist in determining the size of the protein
expressed from the pgagl structural gene. The pgagl gene was found to consist of a 1338
basepair open reading frame which encodes a protein of 445 amino acids (Figure 32). From
the deduced amino acid sequence, the molecular weight of the translated protein was
calculated to be 49,243 daltons. Given the relative inaccuracy of molecular weight estimation
by SDS-PAGE, it was not clear whether the protein expressed from the ORF corresponded to
the 48 kDa or the 51 kDa species observed in PgAg1 protein preparations.
The possibility that the cloned protein may be transported in E. coli was explored. The bulk
of the recombinant protein was found to be located in the cytoplasm of BA3. However,
recombinant PgAg1 was also detected in both periplasmic and membrane fractions of the
E. coil clone, with a particularly large amount present in the membrane preparation (Figure 24).

The specificity of the cellular fractionation procedure was measured by analysis of each cellular
fraction for the presence of the cytoplasmic marker protein glucose-6-phosphate
dehydrogenase. The absence of detectable glucose-6-phosphate dehydrogenase in the
periplasmic and cytoplasmic fractions (Table 5) indicated that there was minimal, if any,
contamination of these fractions by cytoplasmic proteins. This suggests that the recombinant
protein is transported within the cloning host.
Of concern was that there may be a large difference in sensitivities between the Western
blot immunoassay for detection of rPgAg1 using arPgAg1 and the spectrophotometric assay for
detection of glucose-6-phosphate dehydrogenase activity. However, it does appear that both
assays are likely to detect nanogram amounts of the relevant protein. In using detection of
glucose-6-phosphate dehydrogenase to support the conclusions from the Western immunoblot
results, it must be kept in mind that rPgAg1 is an extremely abundant protein in E. coli BA3 in
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comparison to glucose-6-phosphate dehydrogenase. It is possible that cytoplasmic rPgAg1
could contaminate periplasmic and membrane preparations at a level detectable by Western
blot immunoassay, whereas concomitant contamination by glucose-6-phosphate
dehydrogenase may not be evident from measurement of enzyme activity, due to the lower
level of contaminating cytoplasmic marker protein. Although a small amount of rPgAg1 was
detected in the periplasmic fraction, a large quantity of rPgAg1 was present in the membrane
fraction (Figure 24B). The BA3 membrane preparation was washed several times to remove
unbound material before analysis. It is therefore unlikely that the large amount of rPgAg1 in this
fraction is due to contamination by non-membrane-associated recombinant protein without a
detectable amount of glucose-6-phosphate dehydrogenase present.
Immunogold labelling assays using arPgAg1 to probe whole E. coli BA3 cells did not reveal
any detectable recombinant protein located on the cell surface of the clone. However,
recombinant PgAgl was identified in BA3 membrane samples by Western blot immunoassay.
This suggests that rPgAg1 may be associated with the inner membrane of the E. coli clone.
Immunogold labelling assays using thin sections of E. coli BA3 may help to confirm the cellular
localization of rPgAg1 in the clone. Membrane preparations of E. coli BA3 could also be treated
with SarkosylTM to separate the cytoplasmic membrane from the outer membrane. The
SarkosylTm-soluble cytoplasmic membrane preparation and the SarkosylTm-insoluble outer
membrane fraction could then be analysed for the presence of rPgAg1 by Western blot
immunoassay.
In addition to P. gingivalis, other members of the group known formerly as black-pigmented
Bacteriodes are inhabitants of the oral cavity. In particular, Prevotella intermedia has also been

implicated as an etiologic agent in periodontal disease. It was of interest to assess the
specificity of the pgagl gene and its gene product in order to elucidate whether the protein may
be either (i) a phenotypic marker, (ii) a species- or strain-specific bacterial component, or (iii)
possibly associated with the organism's ecological niche or virulence.
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Pstl-digested genomic DNA from selected oral and non-oral isolates of BPB were analysed
by Southern blot hybridization. The cloned DNA fragment from pBA3 was used as a probe
under high stringency conditions, to screen for genes which are highly homologous to pgagl

.

All P. gingivalis strains tested (ATCC 33277, W12, W50, and W83) exhibited a single
hybridizing band (Figure 25). The other BPB species examined did not show specific reactivity
with the. DNA fragment containing the pgagl gene, indicating that highly similar DNA sequences
are not present. Lowering the stringency of the hybridization reaction, or use of a more
sensitive detection method, may reveal reactive although less homologous DNA sequences in
these other BPB strains. The results shown in this study indicate that the nucleotide sequence
for the pgagl gene is conserved in P. gingivalis. Highly homologous DNA sequences do not
appear to be present in the other BPB strains which were analysed.
Expression of PgAg1 from P. gingivalis strains, and the presence of immunologically related
proteins in other members of the BPB group, was examined by Western blot immunoassay
analysis. Whole cell lysates of BPB strains were probed with arPgAg1. All strains of
P. gingivalis showed the presence of a 51 kDa immunoreactive protein (Figure 26). The other

oral and non-oral isolates of the BPB group did not exhibit detectable proteins which share
immunologically related epitopes to those of PgAg1. This suggests that PgAg1 is unique to
P. gingivalis. Conservation of the pgagl gene, expresssion of the protein in P. gingivalis, and

slower growth exhibited by a PgAg1-deficient mutant of P. gingivalis indicates that this molecule
may be important to the survival of the species.
A database search for proteins homologous to PgAg1 revealed significant sequence
similarity to the subunit protein of glutamate dehydrogenase enzymes isolated from a variety of
souces (Table 8; Figure 34). It appeared that the PgAg1 protein was the monomeric subunit of
a P. gingivalis GDH enzyme. The catalytic mechanism of GDH enzymes appears to involve two
lysine residues which are highly conserved. These residues are lysine 27 and 126 in the bovine
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GDH, lysine 14 and 113 in the Neurospora crassa NAD-dependent GDH, and lysine 25 and 112
in the P. gingivalis PgAg1/GDH protein.
Purified rPgAg1 was analysed for glutamate dehydrogenase activity by a
spectrophotometric assay using a-ketoglutarate as substrate. The recombinant protein
exhibited NAD-dependent glutamate dehydrogenase activity, with a calculated specific activity
of 852 units/mg protein (Table 9). The purified recombinant protein sample contained the 48
kDa form of PgAg1. Assuming the 51 kDa form of PgAg1 is also active, it appears that loss of a
3 kDa component from the subunit protein of the enzyme does not abolish enzymatic activity.
Use of NAD as cofactor for the enzyme suggests that in P. gingivalis the PgAg1 complex is
involved in degradation, rather than biosynthesis, of glutamate. The recombinant P. gingivalis
enzyme appeared to be highly active, with a specific activity of 852 units/mg. Use of the same
assay procedure to measure the activity of NAD-dependent GDHs of several Clostridium
botulinum strains revealed that enzymes of proteolytic strains had significantly higher specific

activities than those of non-proteolytic strains (93). The vigorous activity of NAD-dependent
GDHs in bacteria such as P. gingivalis and proteolytic C. botulinum suggests that these
enzymes are important in proteolytic metabolism in organisms which are dependent on
fermentation of amino acids for energy.
Fractions containing soluble proteins of E. coli JM83/pUC18 and BA3, and purified rPgAg1
and partially purified native PgAg1 preparations were analysed by GDH zymography. The
recombinant and native PgAg1 molecules were detected as active enzymes for degradation of
L-glutamate in the presence of NAD (Figure 35B). When NADP was supplied as cofactor, the
NADP-dependent GDH of E. coli was detected in the JM83/pUC18 sample. However this host
enzyme did not appear to be present in the E. coli BA3 preparation (Figure 35C). The absence
of E. coli NADP-dependent GDH for generation of glutamate in clone BA3 may be due to the
presence of a high level of active recombinant GDH. In the cell, NAD-dependent GDHs
generally function in a catabolic role only, facilitating degradation of L-glutamate. However it
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has been shown that under certain conditions in vivo they will catalyze the reverse reaction,
thereby playing a role in glutamate biosynthesis.
A mutant strain of Saccharomyces cerevisiae lacking both NADP-dependent GDH and
glutamate synthase (the enzymes involved in the two pathways for glutamate biosynthesis) was
a glutamate auxotroph. However, when a Saccharomyces cerevisiae gene encoding a NADdependent GDH was introduced into the mutant strain on a high copy-number plasmid, a high
level of recombinant NAD-dependent GDH was expressed and resulted in cellular biosynthesis
of glutamate (173). In a similar study conducted by Snedecor et al. (256), a NAD-dependent
GDH cloned from Peptostreptococcus asaccharolyticus was able to substitute for the missing
biosynthetic NADP-dependent GDH in E. coli gdh mutants. A very active recombinant
P. gingivalis GDH is highly expressed in E. coli BA3. It is possible that BA3 utilizes the NAD-

dependent recombinant enzyme for biosynthesis of glutamate in the cell, thereby dismissing the
need for the E. coli NADP-dependent GDH.
Curtis and co-workers purified the native PgAg1 molecule (292). The size of the molecule
was determined by gel filtration chromatography to be approximately 300,000 daltons (personal
communication). This is consistent with the reported molecular weights of hexameric GDH
enzymes from various sources (56, 78). With few exceptions, the subunit protein of the
hexameric enzyme is in the range 45 to 50 kDa. It seems highly likely that six PgAg1
monomers associate to form the active oligomeric P. gingivalis NAD-dependent GDH enzyme.
Most bacterial GDH enzymes are located in the cytoplasm of the cell. It is interesting that
the NAD-dependent P. gingivalis GDH (comprised of PgAg1) appears to be present on the cell
surface. The NAD-dependent GDH of Pseudomonas aeruginosa is associated with the
cytoplasmic membrane, and NAD-specific GDHs of eukaryotic organisms are located in
mitochondria. It is therefore likely that the NAD-dependent P. gingivalis GDH would be
membrane-associated, however it is unusual that it is on the outside of the cell. The finding that
PgAg1 is a GDH does raise some doubt as to whether this molecule is localized exclusively to
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the outer surface of P. gingivalis. As a NAD-dependent GDH it is more likely to be an
intracellular component. Cellular fractionation of P. gingivalis is necessary to determine if
PgAg1 is also localized to the cytoplasm, and if it functions as a cytoplasmic enzyme. If it does,
it is possible that surface-associated PgAg1 is due to cell leakage of cytoplasmic NADdependent GDH, rather than cell-driven translocation of PgAg1 protein. Immunogold labelling
of P. gingivalis whole cells does show however, that once outside the cell (whether due to cell
leakage or cellular export) PgAg1 does remain associated with the cell surface.
It has not been determined if the cell surface-associated form of PgAg1 exhibits glutamate
dehydrogenase activity. Certainly, the native PgAg1 protein which was partially purified from
P. gingivalis is biologically active (Figure 35B). However, it is not clear from which precise

cellular fraction this protein originated. P. gingivalis cells resuspended in an EDTA-containing
buffer were disrupted, and the supernatant recovered for purification of the native PgAg1
molecule. It was believed that pre-treatment of whole cells with EDTA, prior to cell breakage,
resulted in the release of PgAg1 from the cell surface. Following cell disruption, the fraction
recovered for protein purification comprised cytoplasmic proteins, periplasmic proteins, and
EDTA-extracted as well as easily dissociated cell surface proteins. The assumption was that
PgAg1 isolated from this starting material originated only from the cell surface. However, given
the finding that this protein functions as a GDH enzyme, it is very possible that an intracellular
and active form of PgAg1 exists. An intracellular PgAg1/GDH molecule could have been
present in the starting material along with the surface-associated PgAg1 protein. Although GDH
activity was exhibited by the partially purified PgAg1 preparation, it is not certain that enzymatic
activity can be attributed to the surface-located protein. As mentioned above, analysis of
cellular fractions of P. gingivalis is necessary to determine if PgAg1 is also localized inside the
cell. If it is, specific isolation and characterization of the cell surface-associated form is required
in order to establish if PgAg1 functions as a GDH enzyme on the outside of the cell.
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The role of PgAg1 on the cell surface of P. gingivalis is open for speculation. P. gingivalis
preferentially utilizes peptides from the external milieu as a source of energy. It has limited
ability to take up free amino acids. However, it has been demonstrated that glutamate, as well
as aspartate, is taken up by P. gingivalis as readily as peptides (75, 236, 237). Furthermore,
free glutamate is present in gingival crevicular fluid and appears to be significantly elevated in
GCF of periodontal patients as compared to control individuals (276). A P. gingivalis surfaceassociated NAD-specific GDH may play a role in the acquisition and degradation of L-glutamate
from GCF. Available NAD, possibly liberated from phagocytic cells at an inflammed site, would
enable the P. gingivalis enzyme to deaminate glutamate, generating NADH in the process. Use
of this cell surface-located NADH as a source of energy for cell metabolism seems highly
unlikely. This would require an electron transport system spanning the outer and inner
membranes of P. gingivalis. A more likely possibility is that the main function of NADH at the
cell surface is as a reductant. The reducing power of NADH may activate other surfaceassociated components. Some outer membrane-associated proteases of P. gingivalis, which
are strongly implicated as virulence factors of this organism, require a reducing environment for
activity (83). The activity of these proteases appears to be dependent on free sulphydryl
groups, and is significantly enhanced in the presence of reducing agents. The
haemagglutinating activity of P. gingivalis also appears to be enhanced by the presence of
reducing agents (243). Another potential role for PgAg1 on the surface of the cell may be as an
adhesin for microbial colonization. The glutamate/a-ketoglutarate binding domain of the PgAg1
protein may enable the organism to attach to protein components of host tissue or other oral
microorganisms.
P. gingivalis E51, a PgAg 1-deficient isogenic mutant of P. gingivalis ATCC 33277, was

generated. Genomic DNA from P. gingivalis E51 was subjected to Southern hybridization
analysis (Figures 38 and 39; Table 10). The results demonstrated that the mutant strain had a
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deletion-disrupted pgagl gene in place of an intact allele. An Emr marker gene was present in
place of the deleted portion ofpgagl.
Strain P. gingivalis E51 did not express either intact or truncated PgAg1 protein as
demonstrated by Western blot immunoassays using arPgAg1 (Figures 40B and 41C). Protein
profiles obtained from P. gingivalis cells applied to a non-denaturing polyacrylamide gel clearly
showed that a protein band corresponding to PgAg1 was present in strain ATCC 33277, but
absent from E51 (Figure 41A). Immunogold labelling analysis of P. gingivalis ATCC 33277 and
E51 demonstrated that PgAg1 was present on the cell surface of the wild-type strain, but not
present on the surface of the mutant strain (Figure 42). These experiments presented clear
evidence that deletion-disruption of the pgagl gene had eliminated PgAg1 from P. gingivalis.
-

The GDH activity of the wild-type and mutant P. gingivalis strains was examined. The NADdependent GDH activity present in a soluble fraction of P. gingivalis ATCC 33277 was
calculated to be 70 units/mg protein. In contrast, a P. gingivalis E51 sample exhibited almost
negligible NAD-specific GDH activity (0.05 units/mg protein).
The absence of a NAD-specific GDH in P. gingivalis E51 was also evident from samples
analysed by GDH zymography. A zymogram developed in the presence of NAD revealed an
active band in the P. gingivalis ATCC 33277 sample, but no reactivity in the P. gingivalis E51
lane (Figure 41 B). When NADP was supplied as cofactor, no GDH activity was detected in
either P. gingivalis samples. This suggests that P. gingivalis does not synthesize a NADPspecific GDH, and is probably dependent on the combined action of glutamine synthetase and
glutamate synthase for biosynthesis of glutamate. It is possible that P. gingivalis NADPdependent GDH activity was not detected in zymograms because the enzyme does not migrate
into a non-denaturing 7.5% polyacrylamide gel. P. gingivalis samples were not tested for
NADP-dependent GDH activity by the spectrophotometric assay. It may be of interest to
analyse P. gingivalis samples spectrophotometrically for NADP-specific activity, in order to
clearly define the GDH enzyme profile of this organism.
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Growth studies of P. gingivalis ATCC 33277 and E51 indicated that loss of PgAg1 affected
cell growth. The generation time of the wild-type strain was 2.7 hours, while the mutant strain
had a observed generation time of 4.3 hours. Cultures of P. gingivalis E51 did not reach as
high a cell density as cultures of P. gingivalis ATCC 33277 before entering stationary phase. In
its capacity in the cell, PgAg1 does seem to be important; loss of this protein was detrimental to
the growth of P. gingivalis.
The haemagglutinating activity and ability of P. gingivalis E51 to coaggregate with
A. naeslundii PK606 were investigated. In haemagglutination and coaggregation assays, no

difference was observed between P. gingivalis strains ATCC 33277 and E51. This indicates
that cell surface-associated PgAg1 does not appear to play a role in adherence of P. gingivalis
to erythrocytes, or the plaque organism A. naeslundii.
This study has identified and characterized the gene and its protein product for an
interesting cell surface molecule of the oral pathogen P. gingivalis. The gene product, PgAg1,
is the subunit protein for a NAD-dependent glutamate dehydrogenase enzyme. It would be of
interest to direct future studies to clearly defining the role of the surface-associated PgAg1
molecule. Restraints imposed on the cell due to loss of PgAg1 may result in attenuated
pathogenicity of P. gingivalis. Animal infectivity studies using the PgAg1-deficient mutant strain
may provide some insight on the importance of this molecule in the pathogenesis of this
organism.
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