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Abstract 1 

Porphyromonas gulae, previously known as the animal biotype of the human periodontal 2 
pathogen P. gingivalis, is Gram-negative, anaerobic, rod-shaped, asaccharolytic, black- 3 
pigmented, non-motile, non-spore-forming, and non-motile. P. gulae organisms have been 4 
isolated from the gingival sulcus of various animal species, including bear, brushtail, possum, 5 
dog, cat, coyote, kangaroo, monkey, ovine, wallaby, and wolf. Interestingly, it has also 6 
detected in human gingival tissues from healthy and diseased sites. Although recent studies 7 
have reported that P. gulae possesses a wide variety of virulence factors, such as including 8 
fimbriae, LPS, and proteases, the proteases have yet to be well clarified in details. The 9 
present study aimed to clarify the characters of the proteases from varieties of P. gulae 10 
strains available at this time. Based on biochemical and functional characters similar to the 11 
factors from P. gingivalis, enzyme roles, hemagglutination, and degradation of host proteins 12 
were clarified in this study. 13 

P. gulae strains possess trypsin protease-like activity: P. gulae exhibits several virulence 14 
characteristics similar to those of the human periodontal pathogen P. gingivalis. However, 15 
the proteolytic enzyme activities of P. gulae strains have not been fully elucidated. All of the 16 
examined P. gulae strains as well as the P. gingivalis ATCC 33277 strain consistently 17 
produced alkaline phosphatase and showed trypsin activity, while no other enzyme activities 18 
were detected in any of the strains tested.  Moreover, protease activity was found in both 19 
cell extracts and supernatants, with negligible differences among the examined strains. 20 
Protease inhibitors, including antipain (cysteine protease inhibitor), phenylmethylsulfonyl 21 
fluoride (PMSF; serine proteinase inhibitor), tosyllysine chloromethyl ketone (TLCK; serine 22 
endopeptidase specific inhibitor) and leupeptin (serine protease inhibitor as bacterial 23 
metabolite, a cathepsin B inhibitor, a calpain inhibitor and a trypsin inhibitor), diminished P. 24 
gulae proteolytic activity up to 50%. 25 

Hemagglutination activity: P. gulae and P. gingivalis reportedly possess protease-related 26 
and hemagglutinin genes. However, the hemagglutination ability of P. gulae has yet to be 27 
investigated. The present findings showed distinct hemagglutination activity in P. gulae 28 
ATCC 51700, and found that protease inhibitors, such as antipain, PMSF, TLCK, and 29 
leupeptin, failed to cause agglutination of mouse erythrocytes. These results suggest that P. 30 
gulae proteases may contribute to the hemagglutination. 31 

P. gulae growth: Previous reports noted that P. gingivalis growth mediated by gingipains 32 
was reported to increase in chemically defined medium (CDM). After inoculation in CDM for 33 
the present assays, P. gulae ATCC 51700 was found to be in clearly in the stationary phase 34 
from 144 h. Furthermore, antipain, PMSF, TLCK, and leupeptin inhibited the growth of P. 35 
gulae ATCC 51700, suggesting that P. gulae proteases may be essential for bacterial growth. 36 

Coaggregation reaction of P. gulae with A. viscosus: Coaggregation of A. viscosus with 37 
P. gingivalis has been previously reported. P. gulae ATCC 51700 was found to coaggregate 38 
with A. viscosus ATCC 15987, while inhibition of P. gulae proteases using protease inhibitors 39 
significantly abrogated that activity of the bacterium. These data suggest that coaggregation 40 
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reactions between P. gulae ATCC 51700 and A. viscosus ATCC 15987 are regulated via the 1 
activity of P. gulae proteases. 2 

Morphological changes and inhibition of proliferation of human cells by P. gulae: P. 3 
gulae ATCC 51700 caused rounding and detachment of human gingival carcinoma Ca9-22. 4 
The nature of morphological changes is reportedly linked to the proliferation rate of host cells 5 
infected with microorganisms. P. gulae ATCC 51700 inhibited proliferation of Ca9-22 cells in 6 
both multiplicity of infection (MOI) at 500. Pretreatments with antipain, PMSF, TLCK, and 7 
leupeptin prevented inhibition of Ca9-22 proliferation by P. gulae ATCC 51700, suggesting 8 
that P. gulae proteases cause morphological changes in Ca9-22 cells, leading to inhibition 9 
of their proliferation. 10 

Degradation of human proteins by P. gulae: Previous studies have reported that focal 11 
contact and adherence junction components, including E-cadherin, β-catenin, focal 12 
adhesion kinase (FAK), and paxillin, were associated with epithelial morphology. Following 13 
P. gulae ATCC 51700 infection at an MOI of 500, E-cadherin, β-catenin, FAK and paxillin 14 
also shown to be cleaved at 6 hours. To further evaluate the role of P. gulae proteases, P. 15 
gulae ATCC 51700 was preincubated with several protease inhibitors prior to bacterial 16 
infection. Cleavage of focal contact and adherence proteins by P. gulae ATCC 51700 was 17 
diminished by antipain, PMSF, TLCK, and leupeptin. Furthermore, degradation of 18 
recombinant human proteins, γ-globulin and fibrinogen, was observed within 6 hours. 19 
Antipain, TLCK, and leupeptin were prevented the cleavage of γ-globulin and fibrinogen, 20 
while PMSF did not.  21 

Conclusion: P. gulae proteases would be a crucial virulence factors factor for bacterial 22 
colonization, such as hemagglutination and coaggregation, and bacterial growth, as well as 23 
host defense and cell contact and adherence destruction. 24 

 25 
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1. Introduction 1 

Porphyromonas gulae, a Gram-negative asaccharolytic, anaerobic, non-motile, non-spore-2 

forming organism, has been described as an animal biotype of a human pathogen that is 3 

responsible for human periodontitis 1).  This bacterium has been isolated from the gingival 4 

sulcus of several different species, such as cat, dog, monkey, ovine, and marsupial, both with 5 

and without a relationship to periodontitis 1)-4).  Previously reported that P. gulae strains have 6 

been shown to possess various virulence factors, including lipopolysaccharide, β-lactamase, 7 

alkaline phosphatase, phospholipase, toxins, and capsules, for manipulation of host cells 5)-7), 8 

as those enable adhesion and invasion of host cells, acquisition of nutrients, and formation of 9 

biofilm, and also cause damage to host tissue and regulate coordination with other virulence 10 

factors 6).  Based on their functions, the virulence factors can be grouped into those that are 11 

requisite fashion or contributory fashion. Some requisite virulence factors, including toxin and 12 

polysaccharide, confer pathogenicity and ability to cause disease.  In contrast, contributory 13 

virulence factors, such as proteases and phospholipases of Candida albicans, modify the 14 

magnitude of infection and contribute pathogenesis 5).   15 

Proteases comprise a large group of enzymes that hydrolyze peptide bonds.  Catalytic quite 16 

proteolytic enzymes have been classified as aspartyl protease, cysteine protease, serine 17 

protease, metalloprotease, glutamic acid-specific protease, and threonine peptidase, and 18 

asparagine peptide lyase 8), 9).  Recent evidence suggested that bacterial proteases are 19 

involved in acquiring nutrients for growth, proliferation through host tissue degradation, and 20 

evasion of host immune defenses 8), while other studies have shown that bacterial proteases 21 

cause the onset of infectious diseases, including cholera, salmonellosis, Legionnaires' disease, 22 

bronchiectasis, cystic fibrosis, botulism, tetanus, and anthrax 8), 10).  Serine and cysteine 23 

proteases are considered to be crucial pathogenic factors for periodontal pathogens, including 24 

Porphyromonas gingivalis, Treponema denticola, Tannerella forsythia, and Fusobacterium 25 

nucleatum 9), 11).  Additionally, several Porphyromonas species isolated from animals reportedly 26 

have been possess arginine- and lysine-specific proteases 12).  Bacterial proteases, such as 27 

serine and cysteine protease, are involved in degradation of periodontal tissues and 28 
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inactivation of host defense mechanisms, making the host susceptible to pathological onset of 1 

periodontal disease 13), 14). 2 

The functions of P. gulae proteases in regard to bacterial and host cell biology are not fully 3 

understood.  Here, I report findings showing that P. gulae proteases play a vital role in 4 

hemagglutination, coaggregation activity with Actinomyces viscosus, and bacterial growth, as 5 

well as degradation of focal adhesion kinase (FAK), E-cadherin, and paxillin in human gingival 6 

epithelial cells, leading to cell proliferation inhibition and morphological changes.  Additionally, 7 

proteolysis by P. gulae proteases were found to contribute to degradation of γ-globulin and 8 

fibrinogen. 9 
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Materials and Methods  1 

Bacterial strains and culture conditions 2 

P. gulae ATCC 51700 and P. gingivalis ATCC 33277 were obtained from the American Type 3 

Culture Collection.  P. gulae D040, D044, D049, D066, and D077, clinical isolates obtained 4 

from the periodontal pockets of dogs, were kindly provided by Prof. Fumitoshi Asai and Dr. 5 

Yukio Kato of Azabu University, and A. viscosus ATCC 15987 was kindly provided by Prof. 6 

Naoya Ohara of Okayama University.  Bacteria were grown anaerobically in Trypticase soya 7 

broth supplemented with 1 mg/ml yeast extract (Becton, Dickinson and Company, Sparks, MD, 8 

USA), 1 µg/ml menadione (Sigma-Aldrich, St. Louis, MO, USA), and 5 µg/ml hemin (Sigma-9 

Aldrich) at 37°C, as previously described 15).  P. gulae and P. gingivalis were grown in anaerobic 10 

jars (AnaeroPack; Mitsubishi Gas Chemical Co., Tokyo), and maintained at 37°C on blood agar 11 

plates, while A. viscosus was maintained in Trypticase soy agar.  12 

Human cells, strain and culture conditions 13 

Ca9-22 cells (derived from human gingival carcinoma) were purchased from the Japanese 14 

Collection of Research Bioresources (Tokyo, Japan).  Ca9-22 is an established transformed 15 

human gingival cell line that has been used previous studies as a culture model of oral 16 

epithelial cells 17), 18).  Ca9-22 cells were cultured in Dulbecco’s modified Eagle’s medium 17 

(DMEM) (Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS) at 37°C in 18 

5% CO2. 19 

API-ZYM 20 

An API-ZYM test was applied to P. gingivalis ATCC 33277 and P. gulae ATCC 51700, D040, 21 

D044, D049, D066, D077 cells, and their supernatants.  P. gulae and P. gingivalis strains with 22 

a pre-culture density of OD600 nm =1.0 were grown overnight, then subsequently cultured for 23 

24h in fresh medium.  Cultures were collected, washed, and resuspended in PBS, and adjusted 24 

to OD600 nm using a SmartSpec Plus spectrophotometer (Bio-Rad, Hercules, CA, USA).  25 

Culture supernatants were obtained by centrifugation at 15,000 rpm for 10 min at 4°C, then 26 

filtered through 0.22 μm polyethersulfone filters (Sartorius minisart, Gottingen, Germany).  27 
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Protein contents in the supernatants were measured using a bicinchoninic acid (BCA) protein 1 

assay kit (Thermo Scientific, Rockford, IL, USA).  Cell suspensions and supernatants were 2 

added to each of the cupules in an API-ZYM strip (API bioMèrieux, Marcy l'Etoile, France), 3 

according to the manufacturer’s instructions.  Briefly, a bacterial sample (5x107 cells) or 4 

supernatant (protein content 10 µg) was added to each of the cupules.  Each panel containing 5 

20 cupules was incubated within its moist chamber, to which distilled water had been added, 6 

at 37°C for 4 h.  After incubation, 1 drop of reagent A and 1 drop of reagent B reagent were 7 

added to each cupule.  Color was allowed to develop for 5 min, after which the cupules were 8 

exposed to a high intensity light source for 10 s.  Evaluation of the activity was done according 9 

to the intensity of coloration using a 5-grade scale, with 20 enzyme activities determined.  The 10 

nearness and degree of enzymatic activity were based on a comparison with the color intensity 11 

chart provided by the manufacturer. 12 

Reagents 13 

Antipain, a cysteine and serine protease inhibitor, Na-p-tosyl-L-Lysine chloromethyl ketone 14 

(TLCK), a serine protease inhibitor, and phenylmethylsulfonyl fluoride (PMSF), a serine 15 

protease inhibitor, were purchased from Sigma-Aldrich, while leupeptin, a cysteine and serine 16 

protease inhibitor, was obtained from Peptide Institute (Osaka, Japan).  All inhibitors were 17 

dissolved in 0.1% dimethyl sulfoxide (DMSO) and stored at -20°C.  Samples were 18 

preincubated with different concentrations (100 μM) of the inhibitors at 37°C for 2 hours before 19 

addition of the substrates.   20 

Protease activity assay 21 

The protease activities of P. gulae ATCC 51700 cells and supernatants were determined using 22 

a Pierce Protease assay kit (Thermo Scientific), according to the manufacturer’s instructions.  23 

Briefly, samples (5x107 cells or 10 μg culture supernatants) were mixed with 100 μl of casein 24 

solution.  A blank was prepared containing buffer and protease sample without the succinylated 25 

casein solution.  After incubation for 20 min at room temperature (RT), 50 μl of 26 

trinitrobenzenesulfonic acid (TNBSA) was added to each well and incubated for a further 20 27 
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min at RT.  A standard curve was constructed based on serial dilutions of a 0.5 mg/ml trypsin 1 

stock solution.  Protease activity was measured on SH-1000 Lab microplate reader (Corona 2 

Electric, Ibaraki, Japan) at 450 nm.  3 

Microtiter plate assay of hemagglutination 4 

Hemagglutination assays were performed as previously described 18), with some modifications.  5 

P. gulae ATCC 51700 cells with a pre-culture density of OD600 nm = 1.0 were grown overnight, 6 

then cultured for an additional 24 h in fresh medium.  Cultures were collected, washed, and 7 

resuspended in PBS, and adjusted to OD600 nm using a SmartSpec Plus spectrophotometer 8 

(Bio-Rad).  The bacterial suspensions (5 x 107 cells) were then diluted as a two-fold series with 9 

PBS (1:1-11256).  Each diluted suspension (100 µl) was mixed with an equal volume of mouse 10 

erythrocytes (2.5% in PBS) in a round-bottom 96-well polystyrene microtiter plate and then 11 

incubated at RT for 3 h.  The hemagglutination titer was assessed visually and the last dilution 12 

exhibiting full agglutination of erythrocytes was recorded.  13 

Bacterial growth assay 14 

Assays of P. gulae growth were performed in chemically defined medium (CDM) using methods, 15 

as previously described 19), with some modifications.  The medium contained 10 mM NaH2PO4, 16 

10 mM KCl, 2 mM citric acid, 5 μM boric acid, 20 μM CaCl2, 1.25 mM MgCl2, 3% pancreatic 17 

hydrolysate of casein (tryptone), 50 mM ɑ-ketoglutarate, 7.5 μM hemin, and 3 μM menadione.  18 

P. gulae ATCC 51700 cells were grown overnight at a pre-culture density of OD600 nm = 1.0, 19 

then the bacterial suspension was diluted 1:5 with fresh CDM and incubation was continued 20 

anaerobically at 37ºC, with bacterial growth monitored at 600 nm every 24 h for up to 192 h 21 

using a Novaspec III spectrophotometer (Biochrom, Holliston, MA, USA).  22 

Coaggregation assay 23 

Coaggregation of P. gulae ATCC 51700 and A. viscosus ATCC 15987 was examined as 24 

previously described 20).  P. gulae and P. gingivalis strains were grown overnight at a pre-culture 25 

density of OD600 nm =1.0, then cultured for an additional 24 h in fresh medium.  Cultures were 26 

collected and resuspended in coaggregation buffer (10 mM Tris-HCl, pH 8.0, 0.1 mM CaCl2, 27 
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0.1 mM MgCl2, 0.02% NaN3, 0.15 M NaCl).  Equal volumes (500 µl) of both bacterial 1 

suspensions were mixed and then incubated at RT for 48 h.  Coaggregation was measured at 2 

550 nm using a Novaspec Plus spectrophotometer (Amersham Biosciences, Little Chalfont, 3 

UK). 4 

Determination of cell viability 5 

To assess the cytotoxicity of the P. gulae proteases and protease inhibitors, the viability of 6 

Ca9-22 cells was determined with a cell counting kit (Dojindo, Kumamoto, Japan) according 7 

to the manufacturer’s instructions.  Ca9-22 cells (4x104 cells) were seeded into 96 well culture 8 

plates and grown overnight.  Next, the cells were cultured with DMEM containing protease 9 

inhibitors (100 µM) and stimulated with viable P. gulae ATCC 51700 cells at a multiplicity of 10 

infection (MOI) of 100, 200, and 500.  After incubation for 6 h, cell viability was determined and 11 

absorbance at 490 nm was recorded with an SH-1000 Lab microplate reader (Corona Electric).  12 

The cytotoxicity of P. gulae was calculated as the relative decrease in luminescence in 13 

comparison to the control.  14 

Western blotting 15 

Ca9-22 cells (1 x 106 cells) were seeded into six well culture plates and grown overnight, then 16 

incubated with P. gulae at 500 MOI for 0, 30, 60, 120, and 360 min.  Ca9-22 cells stimulated 17 

with P. gulae ATCC 51700 cells were solubilized in cell lysis/extraction reagent (Sigma-Aldrich) 18 

containing a protease inhibitor cocktail (Thermo Scientific).  The soluble fraction was collected 19 

by centrifugation at 15,000 rpm for 5 min at 4°C.  Immunoblotting was performed as described 20 

previously 15).  Briefly, the cell extract (10 µg of protein) was denatured in sodium dodecyl 21 

sulfate (SDS) sample buffer and loaded onto an 8% polyacrylamide gel for electrophoresis 22 

(SDS-PAGE) (150 V 80 mA) for 90 min.  Electrophoretic transfer was carried out at 100 23 

constant current overnight on ice.  After transfer, the membranes were blocked with 5% BSA 24 

in Tris-buffer saline containing 0.1% Tween 20 at RT for 1 h.  Blots were probed with primary 25 

antibodies purchased from Cell Signaling Technology, including β-catenin (1:1000), E-cadherin 26 

(1:1000), FAK (1:1000), and paxillin (1:1000), overnight at 4°C in a shaker.  After reacting with 27 
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primary antibodies, the membranes were washed three times with TBS-T at RT for 10 min, 1 

then stripped and probed with anti-b-actin antibody (Cell Signaling Technology) as a loading 2 

control.  Proteins were detected using ECL substrate (GE Healthcare, Amersham, UK)  3 

Host protein cleavage assay 4 

Human recombinant γ-globulin and fibrinogen were purchased from Sigma-Aldrich and 5 

recombinant human fibronectin from Fujifilm Wako.  P. gulae cells were cultured overnight at 6 

a pre-culture density of OD600 nm = 1.0, then grown for 24 h in fresh medium.  The cultures 7 

were collected, washed, and resuspended in PBS, then adjusted to OD600 nm using a 8 

SmartSpec Plus spectrophotometer (Bio-Rad).  Recombinant proteins (5 µg) were incubated 9 

with the bacterial suspensions (5 x 107 cells) at 37°C for 6 hours in the presence or absence 10 

of the protease inhibitors (100 µM).  Following incubation, P. gulae cells were removed by 11 

centrifugation at 15,000 rpm and 4°C, and the supernatants were collected.  Protein samples 12 

were then applied to SDS-PAGE in 8% and 10% polyacrylamide gels, and electroblotted onto 13 

a PVDF membrane using a wet blotting system (Bio-Rad, Hercules, CA, USA).  Electroblotting 14 

was carried out at a 100 mA constant current overnight on ice.  PVDF membranes were placed 15 

in Coomassie stain (0.5% Coomassie brilliant blue R-250, 50% methanol, 10% acetic acid) for 16 

10 min and then rapidly destained with 90% methanol with several changes, then washed with 17 

and stored in redistilled water at 4°C overnight. 18 

Statistical analyses 19 

All values are expressed as the mean ± standard deviation. Statistical analyses were 20 

performed using an unpaired Student’s t test.  P values <0.05 were considered to indicate 21 

significance.  22 
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Results  1 

P. gulae strains possess alkaline phosphatase and trypsin protease-like activity 2 

Animal-derived Porphyromonas species have been shown to possess arginine- and lysine-3 

specific proteases 12), 21), 22), while the functions of P. gulae proteases have yet to be 4 

characterized.  I first examined characteristic features of the present P. gulae strains, and 5 

identified alkaline phosphatase and trypsin activities in each, as well as in P. gingivalis (Table 6 

1).  Also, trypsin activity in living cells and supernatants were determined.  As shown in Figure 7 

1, bacterial protease activity was not significantly different among the P. gulae strains or their 8 

supernatants.  Previous studies reported that bacterial proteolytic enzymes have been blocked 9 

by protease inhibitors, including antipain, PMSF, TLCK, and leupeptin 23), 24).  Thus, I next 10 

examined the effects of serine and cysteine protease inhibitors on P. gulae protease activities. 11 

All serine and cysteine protease inhibitors used in this study showed significant inhibitory 12 

effects toward the proteolytic activities of P. gulae (Figure 2).  These findings suggested that 13 

serine and cysteine proteases in all P. gulae strains possess such activities. 14 

Determination of hemagglutination activity 15 

Hemagglutination is a known attribute of some bacterial species 25).  However, protease-related 16 

and hemagglutinin genes are found only in P. gingivalis and not in any other Porphyromonas 17 

species 26), with hemagglutination of P. gulae remaining to be clarified.  In the present study, P. 18 

gulae ATCC 51700 showed hemagglutination activity (Figure 3A).  Hemagglutinin activity has 19 

been reported to be related to the hemagglutinin-adhesin domains of protease-related genes 20 

13) and also that P. gingivalis gingipain protease-specific inhibitors inhibit that activity 20).  Thus, 21 

I examined the effects of serine and cysteine protease inhibitors on P. gulae hemagglutinating 22 

activity, though none of the protease inhibitors showed inhibition (Figure 3B).  These results 23 

indicate that P. gulae proteases contribute to hemagglutination. 24 

P. gulae growth in chemically defined medium 25 

Bacterial growth has been reported to require proteases, such as P. gingivalis gingipains, 26 

Burkholderia cenocepacia HtrA, Enteroaggregative Escherichia coli Pic, and F. nucleatum 27 

fusolisin shown to be essential for that 14), 27), 28).  In addition, the role of bacterial proteases in 28 
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regard to P. gingivalis growth has been clarified using CDM 19).  Therefore, I examined the role 1 

of bacterial proteases related to P. gulae growth.  Between 24 and 144 hours, P. gulae cells 2 

were in the exponential phase and clearly in the stationary phase by 144 hours following 3 

inoculation in CDM (Figure 4A).  Subsequently, the growth of P. gulae ATCC 51700 was 4 

significantly inhibited by the protease inhibitors, such as antipain, PMSF, TLCK, and leupeptin 5 

(Figure 4B).  These results showed that P. gulae proteases contribute to bacterial growth. 6 

Assay of P. gulae and A. viscosus coaggregation 7 

Coaggregation reportedly promotes interactions between different bacterial species 29).  8 

Furthermore, bacterial proteases are known to contribute to coaggregation of oral bacteria, 9 

including P. gingivalis, T. denticola, and Streptococcus gordonii 20), 29), 30).  Previous reports have 10 

also noted that A. viscosus strains coaggregate with streptococci, Eikenella corrodens, and P. 11 

gingivalis 20), 31), 32).  Thus, the effect of bacterial proteases on coaggregation between P. gulae 12 

and A. viscosus was examined.  P. gulae ATCC 51700 showed coaggregation with A. viscosus 13 

ATCC 15987 in a time-dependent manner (Figure 5A), while antipain, PMSF, TLCK, and 14 

leupeptin had significant inhibitory effects on that coaggregation (Figure 5B).  These findings 15 

suggest that bacterial proteases mediate P. gulae coaggregation activity. 16 

Morphology and proliferation of Ca9-22 cells inhibited by P. gulae 17 

A prior study demonstrated that bacterial proteases have various effects on human cells, 18 

including rounding, detachment, and inhibition of proliferation 33).  First, the response of gingival 19 

epithelial cells (referred to here as Ca9-22 cells) stimulated with P. gulae was examined by 20 

microscopy, which revealed morphological changes of Ca9-22 (Figure 6A), which prompted 21 

me to examine the proliferation of stimulated Ca9-22 cells.  P. gulae inhibited cell proliferation 22 

in MOI-dependent manner (Figure 6B).  Additionally, cellular proliferation damage of Ca9-22 23 

cells induced by P. gulae was prevented by antipain, PMSF, TLCK, and leupeptin (Figure 6C).  24 

These results indicate that damage caused by proliferation and morphological changes are 25 

induced by P. gulae proteases.  26 

Degradation of human proteins by P. gulae 27 

Focal contact and adherence junction components, including E-cadherin, β-catenin, focal 28 
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adhesion kinase (FAK), and paxillin, are required for epithelial tissue architecture integrity 34)-1 

36).  Several bacterial proteases, such as enteroaggregative Escherichia coli Pet, group A 2 

Streptococci SpeB, P. gingivalis gingipains, and Campylobacter jejuni HtrA, have been shown 3 

to have proteolytic activity, leading to distraction of focal contact and adherence junction 4 

components 37)-40).  I examined the effects of P. gulae proteases on protein degradation. 5 

Following P. gulae stimulation, degradation of E-cadherin, β-catenin, FAK, and paxillin was 6 

observed (Figure 7A).  Subsequently, antipain, PMSF, TLCK, and leupeptin prevented protein 7 

degradation mediated by P. gulae stimulation (Figure 7B).  Previous studies have utilized 8 

bacterial proteases, such as those of P. gingivalis and T. forsythia, for degradation of human 9 

proteins, including γ-globulin, and fibrinogen 20), 41).  In the present experiments, following P. 10 

gulae stimulation, γ-globulin became gradually degraded in a time-dependent manner, while 11 

fibrinogen showed nearly complete digestion (Figure 8A).  Additionally, the protease inhibitors 12 

antipain, PMSF, TLCK, and leupeptin restricted degradation of human proteins mediated by P. 13 

gulae proteases (Figure 8B).  These findings suggested that P. gulae proteases contribute to 14 

proteolytic degradation, leading to periodontal destruction. 15 
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Discussion 1 

A recent examination of P. gulae proteases noted arginyl- and lysyl-specific proteolytic activities 2 

12).  The present results show that P. gulae mainly produces serine proteases with trypsin-like 3 

activities.  Although the function of P. gulae proteases have yet to be fully revealed, based on 4 

the present biochemical and functional observations, including hemagglutination, 5 

coaggregation, and degradation of host proteins, some conclusions can be presented. 6 

P. gulae possess several virulence factors that are similar to those of P. gingivalis 12), 42), 43).  7 

All of the present P. gulae strains as well as P. gingivalis ATCC 33277 produced alkaline 8 

phosphatase and showed trypsin activity (Figure 1, Figure 2 and Table 1).  These findings 9 

indicate the possibility that P. gulae proteases are similar to those of P. gingivalis. A study to 10 

determine whether P. gulae proteases perform the same functions as P. gingivalis proteases 11 

will be performed in the future. 12 

Hemagglutination, which results from aggregation of erythrocytes induced by bacterial 13 

proteases adhering to two or more erythrocytes, contributes to bacterial pathogenicity 44).  In 14 

other reports, the hemagglutinating activities of P. gingivalis and F. nucleatum have been 15 

considered be linked to bacterial pathogenicity 45), 46).  In the present study, P. gulae cells were 16 

shown to possess hemagglutinating activity (Figure 3), suggesting that the activity of proteases 17 

contributes to the pathogenicity of this organism. 18 

Other studies have also noted that P. gingivalis gingipains facilitate bacterial growth in 19 

nutrient poor conditions 47)-50).  The present findings as well as suggest a role for P. gulae 20 

proteases, based on results showing that the serine and cysteine protease inhibitors examined 21 

here interfere with bacterial growth (Figure 4).  Thus, P. gulae proteases may be essential for 22 

growth of the bacterium. 23 

Bacterial coaggregation is considered to promote interactions among oral pathogens, 24 

leading to formation of dental plaque and biofilm 29), 51), 52).  Several different types of bacterial 25 

proteases, such as P. gingivalis gingipains, T. denticola chymotrypsin-like proteases, and S. 26 

gordonii Challisin, have been shown to contribute to coaggregation of various oral species, 27 

resulting in microbial community development and host tissue pathogenesis 20), 29), 30).  28 
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Actinomyces species are early colonizers and experiments have shown their important roles 1 

as key bacteria during initial biofilm formation on a salivary pellicle-coated enamel surface 53), 2 

54).  A. viscosus has also been found to be related to root canal caries and periodontal disease 3 

55), 56), as well as biofilm formation at the bottom of human periodontal pockets and progression 4 

of periodontitis 56).  Other reports have indicated that P. gingivalis virulence factors, including 5 

fimbriae and gingipain, are involved with coaggregation with A. viscosus 20), 57).  In this study, 6 

coaggregation of P. gulae with A. viscosus was found to be dependent on P. gulae proteases 7 

(Figure 5), suggesting that P. gulae proteases are involved in coaggregation of P. gulae and A. 8 

viscosus.  9 

P. gingivalis gingipains are thought to contribute to the pathogenesis and development of 10 

periodontitis 49), 50), and have been shown to have proteolytic activity against focal contact and 11 

adherence junction components, such as E-cadherin, paxillin, FAK, and β-catenin 39), 40), 58)-61), 12 

while it has also been suggested that those activities might contribute to the pathogenesis of 13 

periodontal disease 60).  The present study results indicate that P. gulae proteolytic enzymes 14 

degrade human proteins, including E-cadherin, paxillin, FAK, and β-catenin, resulting in 15 

reduced cell contact and gingival epithelial cell proliferation defects (Figure 6 and 7).  16 

Additionally, γ-globulin and fibrinogen have been reported be digested by P. gingivalis 17 

proteases 20), while degradation of γ-globulin, related to host defense mechanisms, reportedly 18 

facilitates and prolongs periodontal disease 62).  Fibrinogen is abundant in sites affected by 19 

periodontal disease, where tissue destruction and spontaneous bleeding can be observed 63).  20 

In the present experiments, P. gulae proteases induced degradation of γ-globulin and 21 

fibrinogen (Figure 8).  Together, these findings suggest that P. gulae may facilitate host proteins 22 

proteolysis, leading to periodontal pathogenesis.  23 

In summary, P. gulae proteases are important virulence factors for bacterial biology as well 24 

as host cell biology, thus raising the possibility that they may be important therapeutic targets 25 

for periodontal disease treatment strategies.  Additionally, my findings suggest that P. gulae 26 

may contribute to the pathogenesis of periodontitis in both animals and humans. 27 

 28 



16 
 

Acknowledgement 1 

First and foremost, I wish to place on records my heartfelt and sincere thanks to my supervisor 2 

Professor Michiyo Matsumoto-Nakano me an opportunity to complete my PhD thesis.  She 3 

has been a tremendous mentor, and I deeply appreciate her contributions of time and ideas to 4 

make my work productive and stimulating.  The valuable suggestions, motivation, comments, 5 

and guidance I received have encouraged me to learn more these past few years.  Additionally, 6 

her deep insights were very helpful at various stages of my research.  I deeply appreciate her 7 

great contributions. 8 

  9 



17 
 

References 1 
1) Fournier, D., Mouton, C., Lapierre, P., Kato, T., Okuda, K., Ménard, C.: Porphyromonas 2 

gulae sp. nov., an anaerobic, gram-negative coccobacillus from the gingival sulcus of 3 
various animal hosts. Int. J. Syst. Evol. Microbiol., 51, 1179-1189, 2001. 4 

2) Mikkelsen, D., Milinovich, G.J., Burrell, P.C., Huynh, S.C., Pettett, L.M., Blackall, L.L., Trott, 5 
D.J., Bird, P.S.: Phylogenetic analysis of Porphyromonas species isolated from the oral 6 
cavity of Australian marsupials. Environ. Microbiol., 10, 2425-2432, 2008. 7 

3) Borsanelli, A.C., Gaetti-Jardim, E. Jr., Schweitzer, C.M., Viora, L., Busin, V., Riggio, M.P., 8 
Dutra, I.S.: Black-pigmented anaerobic bacteria associated with ovine periodontitis. Vet. 9 
Microbiol., 203, 271-274, 2017. 10 

4) Iwashita, N., Nomura, R., Shirai, M., Kato, Y., Murakami, M., Matayoshi, S., Kadota, T., 11 
Shirahata, S., Ohzeki, L., Arai, N., Yasuda, J., Yasuda, H., Inaba, H., Nakano, M.M., 12 
Nakano, K., Asai, F.: Identification and molecular characterization of Porphyromonas gulae 13 
fimA types among cat isolates. Vet. Microbiol., 229, 100-109, 2019. 14 

5) Casadevall, A., Pirofski, L.: Host-pathogen interactions: the attributes of virulence. J. Infect. 15 
Dis., 184, 337-344, 2001. 16 

6) Webb, S.A, Kahler, C.M.: Bench-to-bedside review: Bacterial virulence and subversion of 17 
host defences. Crit. Care, 12, 234, 2008. 18 

7) Bomberger, J.M., Maceachran, D.P., Coutermarsh, B.A., Ye, S., O'Toole, G.A., Stanton, 19 
B.A.: Long-distance delivery of bacterial virulence factors by Pseudomonas aeruginosa 20 
outer membrane vesicles. PLoS Pathog., 5, e1000382, 2009. 21 

8) Sabotič, J., Kos, J.: Microbial and fungal protease inhibitors--current and potential 22 
applications. Appl. Microbiol. Biotechnol., 93,1351-75, 2012. 23 

9) da Silva, R.R.: Bacterial and fungal proteolytic enzymes: production, catalysis and 24 
potential applications. Appl. Biochem. Biotechnol., 183, 1-19, 2017. 25 

10) Supuran, C.T., Scozzafava, A., Clare, B.W.: Bacterial protease inhibitors. Med. Res. Rev., 26 
22, 329-372, 2002. 27 

11) Holt, S.C., Ebersole, J.L.: Porphyromonas gingivalis, Treponema denticola, and 28 
Tannerella forsythia: the "red complex", a prototype polybacterial pathogenic consortium 29 
in periodontitis. Periodontol. 2000, 38, 72-122, 2005. 30 

12) Lenzo, J.C., O'Brien-Simpson, N.M., Orth, R.K., Mitchell, H.L., Dashper, S.G., Reynolds, 31 
E.C.: Porphyromonas gulae has virulence and immunological characteristics similar to 32 
those of the human periodontal pathogen Porphyromonas gingivalis. Infect. Immun., 84, 33 
2575-2585, 2016. 34 

13) Guo, Y., Nguyen, K.A., Potempa, J.: Dichotomy of gingipains action as virulence factors: 35 
from cleaving substrates with the precision of a surgeon's knife to a meat chopper-like 36 
brutal degradation of proteins. Periodontol. 2000, 54, 15-44, 2010. 37 

14) Doron, L., Coppenhagen-Glazer, S., Ibrahim, Y., Eini, A., Naor, R., Rosen, G., Bachrach. 38 



18 
 

G.: Identification and characterization of fusolisin, the Fusobacterium nucleatum 1 
autotransporter serine protease. PLoS One, 9, e111329, 2014. 2 

15) Inaba, H., Kuboniwa, M., Bainbridge, B., Yilmaz, O., Katz, J., Shiverick, K.T., Amano, A., 3 
Lamont, R.J.: Porphyromonas gingivalis invades human trophoblasts and inhibits 4 
proliferation by inducing G1 arrest and apoptosis. Cell Microbiol., 11, 1517-1532, 2009. 5 

16) Saito, A., Inagaki, S., Kimizuka, R., Okuda, K., Hosaka, Y., Nakagawa, N., Ishihara, K.: 6 
Fusobacterium nucleatum enhances invasion of human gingival epithelial and aortic 7 
endothelial cells by Porphyromonas gingivalis. FEMS Immunol. Med. Microbiol., 54, 349-8 
55, 2008. 9 

17) Takeuchi, H., Setoguchi, T., Machigashira, M., Kanbara, K., Y Izumi, Y.: Hydrogen sulfide 10 
inhibits cell proliferation and induce cell cycle arrest via an elevated p21cip1 level in Ca9-11 
22 cells. J. Periodontal Res., 43, 90-95, 2008. 12 

18) Nakayama, K., Kadowaki, T., Okamoto, K.: Construction and characterization of a 13 
arginine-specific cysteine proteinase (Arg-gingipain)-deficient mutants of Porphyromonas 14 
gingivalis. Evidence for significant contribution of Arg-gingipain to virulence. J. Biol. Chem., 15 
6, 23619-23626, 1995.  16 

19) Grenier, D., Imbeault, S., Plamondon, P., Grenier, G., Nakayama, K., Mayrand, D.: Role 17 
of gingipains in growth of Porphyromonas gingivalis in the presence of human serum 18 
albumin. Infect. Immun., 69, 5166-5172, 2001. 19 

20) Kadowaki, T., Baba, A., Abe, N., Takii, R., Hashimoto, M., Tsukuba, T., Okazaki, S., Suda, 20 
Y., Asao T., Yamamoto, K.: Suppression of pathogenicity of Porphyromonas gingivalis by 21 
newly developed gingipain inhibitors. Mol. Pharmacol., 66, 1599-1606, 2004. 22 

21) Summanen, P.H., Durmaz, B., Väisänen, M.L., Liu, C., Molitoris, D., Eerola, E., Helander, 23 
I. M, Finegold, S.M.: Porphyromonas Somerae Sp. Nov., a pathogen isolated from humans 24 
and distinct from Porphyromonas Levii. J. Clin. Microbiol., 43, 4455-4459, 2005. 25 

22) Summanen, P.H., Lawson, P.A., Finegold, S.M.: Porphyromonas bennonis sp. nov., 26 
isolated from human clinical specimens. Int. J. Syst. Evol. Microbiol., 59, 1727-1732, 2009. 27 

23) Pike, R., McGraw, W., Potempa, J., Travis, J.: Lysine- and arginine-specific proteinases 28 
from Porphyromonas gingivalis. Isolation, characterization, and evidence for the existence 29 
of complexes with hemagglutinins. J. Biol. Chem., 269, 406-411, 1994. 30 

24) Inaba, H., Tagashira, M., Kanda, T., Ohno, T., Kawai, S., Amano, A.: Apple- and hop-31 
polyphenols protect periodontal ligament cells stimulated with enamel matrix derivative 32 
from Porphyromonas gingivalis. J. Periodontol., 76, 2223-2229, 2005. 33 

25) Rajkumar, H.R.V., Ramakrishna, D., Venkataramana, K.: Comparison of hemagglutination 34 
and hemolytic activity of various bacterial clinical isolates against different human blood 35 
groups. Cureus, 8, e489, 2016. 36 

26) O'Flynn, C., Deusch, O., Darling, A.E., Eisen, J.A., Wallis, C., Davis, I.J., Harris, S.J.: 37 
Comparative genomics of the genus Porphyromonas identifies adaptations for heme 38 



19 
 

synthesis within the prevalent canine oral species Porphyromonas cangingivalis. Genome 1 
Biol. Evol., 7, 3397-3413, 2015. 2 

27) Flannagan, R.S., Aubert, D., Kooi, C., Sokol, P.A., Valvano, M.A.: Burkholderia 3 
cenocepacia requires a periplasmic HtrA protease for growth under thermal and osmotic 4 
stress and for survival in vivo. Infect. Immun., 75, 1679-1689, 2007. 5 

28) Harrington, S.M., Sheikh, J., Henderson, I.R., Ruiz-Perez, F., Cohen, P.S., Nataro, J.P. 6 
The Pic protease of enteroaggregative Escherichia coli promotes intestinal colonization 7 
and growth in the presence of mucin. Infect. Immun., 77, 2465-2473, 2009. 8 

29) Mutha, N.V.R., Mohammed, W.K., Krasnogor, N., Tan, G.Y.A., Wee, W.Y., Li, Y., Choo, 9 
S.W., Jakubovics, N.S.: Transcriptional profiling of coaggregation interactions between 10 
Streptococcus gordonii and Veillonella parvula by Dual RNA-Seq. Sci. Rep., 9, 7664, 2019. 11 

30) Cogoni, V., Morgan-Smith, A., Fenno, J.C., Jenkinson, H.F., Dymock, D.: Treponema 12 
denticola chymotrypsin-like proteinase (CTLP) integrates spirochaetes within oral 13 
microbial communities. Microbiology (Reading), 158, 759-770, 2012. 14 

31) Cisar, J.O., Kolenbrander, P.E., McIntire, F.C.: Specificity coaggregation reactions 15 
between human and strains of Actinomyces viscosus and Actinomyces naeslundii. Infect. 16 
Immun., 24, 742–752, 1979. 17 

32) Ebisu, S., Nakae, H., Okada, H.: Coaggregation of Eikenella corrodens with oral bacteria 18 
mediated by bacterial lectin-like substance. Adv. Dent. Res., 2, 323-327, 1988. 19 

33) Inaba, H., Kuboniwa, M., Sugita, H., Lamont, R.J., Amano, A.: Identification of signaling 20 
pathways mediating cell cycle arrest and apoptosis induced by Porphyromonas gingivalis 21 
in human trophoblasts. Infect. Immun., 8, 2847–2857, 2012. 22 

34) Deakin, N.O., Turner, C.E.: Distinct roles for paxillin and Hic-5 in regulating breast cancer 23 
cell morphology, invasion, and metastasis. Mol. Biol. Cell, 22, 327-341, 2011. 24 

35) Howard, S., Deroo, T., Fujita, Y., Itasaki, N.: A positive role of cadherin in Wnt/β-catenin 25 
signalling during epithelial-mesenchymal transition. PLoS One, 6, e23899, 2011. 26 

36) Golubovskaya, V.M., Figel, S., Ho, B.T., Johnson, C.P., Yemma, M., Huang, G., Zheng, M., 27 
Nyberg, C., Magis, A., Ostrov, D.A., Gelman, I.H., Cance, W.G.: A small molecule focal 28 
adhesion kinase (FAK) inhibitor, targeting Y397 site: 1-(2-hydroxyethyl)-3, 5, 7-triaza-1-29 
azoniatricyclo [3.3.1.1(3,7)]decane; bromide effectively inhibits FAK autophosphorylation 30 
activity and decreases cancer cell viability, clonogenicity and tumor growth in vivo. 31 
Carcinogenesis, 33, 1004-1013, 2012. 32 

37) Cappello, R.E., Estrada-Gutierrez, G., Irles, C., Giono-Cerezo, S., Bloch, R.J., Nataro, 33 
J.P.: Effects of the plasmid-encoded toxin of enteroaggregative Escherichia coli on focal 34 
adhesion complexes. FEMS Immunol. Med. Microbiol., 61, 301-314, 2011. 35 

38) Sumitomo, T., Nakata, M., Higashino, M., Terao, Y., Kawabata, S.: Group A streptococcal 36 
cysteine protease cleaves epithelial junctions and contributes to bacterial translocation. J. 37 
Biol. Chem., 288, 13317-24, 2013. 38 



20 
 

39) Zhou, Y., Sztukowska, M., Wang, Q., Inaba, H., Potempa, J., Scott, D.A., Wang, H., 1 
Lamont, R.J.: Noncanonical activation of β-catenin by Porphyromonas gingivalis. Infect. 2 
Immun., 83, 3195-3203, 2015. 3 

40) Elmi, A., Nasher, F., Jagatia, H., Gundogdu, O., Bajaj-Elliott, M., Wren, B., Dorrell, N.: 4 
Campylobacter jejuni outer membrane vesicle-associated proteolytic activity promotes 5 
bacterial invasion by mediating cleavage of intestinal epithelial cell E-cadherin and 6 
occludin. Cell Microbiol., 18, 561-572, 2016. 7 

41) Ksiazek, M., Karim, A.Y., Bryzek, D., Enghild, J.J., Thøgersen, I.B., Koziel, J., Potempa, 8 
J.: Mirolase, a novel subtilisin-like serine protease from the periodontopathogen 9 
Tannerella forsythia. Biol. Chem., 396, 261-275, 2015. 10 

42) Yamasaki, Y., Nomura, R., Nakano, K., Inaba, H., Kuboniwa, M., Hirai, N., Shirai, M., Kato, 11 
Y., Murakami, M., Naka S., Iwai, S., Nakano, M.M., Ooshima, T., Amano A., Asai, F.: 12 
Distribution and molecular characterization of Porphyromonas gulae carrying a new fimA 13 
genotype. Vet. Microbiol., 161, 196-205, 2012. 14 

43) Inaba, H., Nomura, R., Kato, Y., Takeuchi, H., Amano, A., Asai, F., Nakano, K., Lamont, 15 
R.J., Matsumoto-Nakano, M.: Adhesion and invasion of gingival epithelial cells by 16 
Porphyromonas gulae. PLoS One, 14, e0213309, 2019. 17 

44) Haraldsson, G., Meurman, J.H., Könönen, E., Holbrook, W.P.: Properties of 18 
hemagglutination by Prevotella melaninogenica. Anaerobe, 11, 285-289, 2005. 19 

45) Chandad, F., Mayrand, D., Grenier, D., Hinode, D., Mouton, C.: Selection and phenotypic 20 
characterization of nonhemagglutinating mutants of Porphyromonas gingivalis. Infect. 21 
Immun., 64, 952-958, 1996. 22 

46) Roques, C.G., El kaddouri, S., Barthet, P., Duffort, J.F., Arellano, M.: Fusobacterium 23 
nucleatum involvement in adult periodontitis and possible modification of strain 24 
classification. J. Periodontol., 71, 1144–1150, 2000. 25 

47) Lewis, J.P., Dawson, J.A., Hannis, J.C., Muddiman, D., Macrina, F.L.: Hemoglobinase 26 
activity of the lysine gingipain protease (Kgp) of Porphyromonas gingivalis W83. J. 27 
Bacteriol., 181, 4905-13, 1999. 28 

48) Shi, Y., Ratnayake, D.B., Okamoto, K., Abe, N., Yamamoto, K., Nakayama, K.: Genetic 29 
analyses of proteolysis, hemoglobin binding, and hemagglutination of Porphyromonas 30 
gingivalis. Construction of mutants with a combination of rgpA, rgpB, kgp, and hagA. J. 31 
Biol. Chem., 274, 17955-17960, 1999. 32 

49) Grenier, D., Roy, S., Chandad, F., Plamondon, P., Yoshioka, M., Nakayama, K., Mayrand, 33 
D.: Effect of inactivation of the Arg-and/or Lys-gingipain gene on selected virulence and 34 
physiological properties of Porphyromonas gingivalis. Infect. Immun., 71, 4742-4748, 35 
2003. 36 

50) Imamura, T.: The role of gingipains in the pathogenesis of periodontal disease. J. 37 
Periodontol., 74,111-118, 2003. 38 



21 
 

51) Bradshaw, D.J., Marsh, P.D., Watson, G.K., Allison, C.: Role of Fusobacterium nucleatum 1 
and coaggregation in anaerobe survival in planktonic and biofilm oral microbial 2 
communities during aeration. Infect. Immun., 66, 4729-4732, 1998. 3 

52) Kramer, R.A., Dekker, N., Egmond, M.R.: Identification of active site serine and histidine 4 
residues in Escherichia coli outer membrane protease OmpT. FEBS Lett., 468, 220-224, 5 
2000. 6 

53) Tronstad, L., Sunde, P.T.: The evolving new understanding of endodontic infections. Endod. 7 
Topics, 6, 57–77, 2003. 8 

54) Khemaleelakul, S., Baumgartner, J.C., Pruksakom, S.: Autoaggregation and 9 
coaggregation of bacteria associated with acute endodontic infections. J. Endod., 32, 312-10 
318, 2006. 11 

55) Dung, T.Z., Liu, A.H.: Molecular pathogenesis of root dentin caries. Oral Dis., 5, 92-99, 12 
1999. 13 

56) Noiri, Y., Ebisu, S.: Identification of periodontal disease-associated bacteria in the "plaque-14 
free zone". J. Periodontol., 71, 1319-1326, 2000. 15 

57) Goulbourne, P.A., Ellen, R.P.: Evidence that Porphyromonas (Bacteroides) gingivalis 16 
fimbriae function in adhesion to Actinomyces viscosus. J. Bacteriol., 173, 5266-5274, 1991. 17 

58) Hintermann, E., Haake, S.K., Christen, U., Sharabi, A., Quaranta, V.: Discrete proteolysis 18 
of focal contact and adherens junction components in Porphyromonas gingivalis-infected 19 
oral keratinocytes: a strategy for cell adhesion and migration disabling. Infect. Immun., 70, 20 
5846-5856, 2002. 21 

59) Inaba, H., Kawai, S., Nakayama, K., Okahashi, N., Amano, A.: Effect of enamel matrix 22 
derivative on periodontal ligament cells in vitro is diminished by Porphyromonas gingivalis. 23 
J. Periodontol., 75, 858-865, 2004. 24 

60) Katz, J., Yang, Q.B., Zhang, P., Potempa, J., Travis, J., Michalek, S.M., Balkovetz, D.F.: 25 
Hydrolysis of epithelial junctional proteins by Porphyromonas gingivalis gingipains. Infect. 26 
Immun., 70, 2512-2518, 2002. 27 

61) Nakagawa I, Inaba H, Yamamura T, Kato T, Kawai S., Ooshima, T., Amano A.: Invasion of 28 
epithelial cells and proteolysis of cellular focal adhesion components by distinct types of 29 
Porphyromonas gingivalis fimbriae. Infect. Immun., 74, 3773-3782, 2006. 30 

62) Kadowaki, T., Yamamoto, K.: Suppression of virulence of Porphyromonas gingivalis by 31 
potent inhibitors specific for gingipains. Curr. Protein Pept. Sci., 4, 451-458, 2003. 32 

63) Bamford, C.V., Fenno, J.C., Jenkinson, H.F., Dymock, D.: The chymotrypsin-like protease 33 
complex of Treponema denticola ATCC 35405 mediates fibrinogen adherence and 34 
degradation. Infect. Immun., 75, 4364-4372, 2007. 35 
  36 



22 
 

Figure legends 1 

Figure 1. Protease activities of six P. gulae strains. 2 

Protease activities were determined using a Pierce Protease assay kit, as described in 3 

Materials and Methods.  (A) Six P. gulae strains and P. gingivalis ATCC 33277 were grown 4 

overnight to a pre-culture density of OD600 nm = 1.0, then cultured for 24 h in fresh medium.  5 

The cultures were collected, washed, and resuspended in PBS, and adjusted to OD600 nm.  6 

Bacterial suspensions (5 x 107 cells) were analyzed for their effects on trypsin activity. (B) 7 

Culture supernatants were obtained and filtered through a 0.22 μm polyethersulfone filter, then 8 

analyzed for effects on trypsin activity.  Enzyme activity indicated by the microplate reader 9 

(OD450 nm) is expressed as arbitrary units.  Data are shown as the mean ± SD of three 10 

independent experiments and were analyzed with a t-test.  11 

Figure 2. Inhibitory effects of protease inhibitors against P. gulae ATCC 51700 12 

proteolytic activity. 13 

P. gulae ATCC 51700 cells were exposed to antipain, PMSF, TLCK, and leupeptin (100 μM) 14 

for 2 h.  Enzyme activity indicated by the microplate reader (OD450 nm) with arbitrary units.  15 

Data are shown as the mean ± SD of three independent experiments and were analyzed with 16 

a t-test.  *P <0.01 as compared with control (P. gulae ATCC 51700 living cells without protease 17 

inhibitors). 18 

Figure 3. Hemagglutination activity of P. gulae ATCC 51700. 19 

(A) Bacterial suspensions and two-fold series dilutions applied to the wells of a microtiter plate 20 

are shown from left to right. Mouse erythrocytes were mixed with each suspension and 21 

incubated at RT for 3 h.  (B) P. gulae ATCC 51700 cells were exposed to antipain, PMSF, TLCK, 22 

and leupeptin (100 μM) at 37°C for 2 h.  Next, an equal volume of erythrocyte suspension was 23 

added and incubation was performed in a round-bottomed microtiter plate at RT for 3 h.  24 

Results from three independent experiments are shown. 25 

Figure 4. Growth behavior of P. gulae ATCC 51700 in CDM. 26 

(A) P. gulae ATCC 51700 overnight cultures (OD600 nm = 1.0) were diluted 5-fold with fresh 27 

CDM, then growth in the cultures at 37°C was monitored as an increase in OD600 nm for the 28 
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indicated times.  Values shown are representative of three biological replicates.  (B) P. gulae 1 

ATCC 51700 overnight cultures (OD600 nm = 1.0) were diluted 5-fold with fresh CDM 2 

with/without antipain, PMSF, TLCK, and leupeptin.  The endpoint for bacterial growth (OD600 3 

nm) was reached after 144 h. 4 

Figure 5. Coaggregation of P. gulae ATCC 51700 and A. viscosus ATCC 15987. 5 

(A) Time course of P. gulae and A. viscosus coaggregation.  Equal volumes (500 µl) of the two 6 

bacterial suspensions were mixed and incubated at RT for the indicated times.  Coaggregation 7 

was monitored as increase in OD550 nm.  Data are shown as the mean percentage of 8 

coaggregation ± SD of three independent experiments.  The endpoint for bacterial growth 9 

(OD550 nm) was reached after 48 h.  (B) P. gulae and A. viscosus suspensions were treated 10 

with/without antipain, PMSF, TLCK, and leupeptin (100 μM).  The endpoint for bacterial growth 11 

(OD600 nm) was reached after 144 h.  *P <0.05 and **P <0.01 indicate significant difference 12 

(Student’s t test) as compared to P. gulae with DMSO without an inhibitor.  All experiments 13 

were performed in triplicate and repeated three times. 14 

Figure 6. P. gulae ATCC 51700 induces shape change and inhibits proliferation of Ca9-15 

22 cells. 16 

(A) Ca9-22 cells were stimulated with P. gulae ATCC 51700 at an MOI 500 for 24 h.  Changes 17 

in cell morphology were observed by phase-contrast microscopy.  Control cells were uninfected.  18 

(B) Ca9-22 cell proliferation was measured as 450 nm following stimulation with P. gulae ATCC 19 

51700 at the indicated MOI.  Data are shown as the mean relative ratio of infected/uninfected 20 

± SD from three independent experiments and were analyzed with a t-test.  *P<0.01 as 21 

compared with uninfected cells.  (C) Ca9-22 cells were stimulated with viable P. gulae ATCC 22 

51700 cells at an MOI 500 with/without antipain, PMSF, TLCK, and leupeptin (100 μM).  Cell 23 

proliferation was detected by measuring absorbance at 450 nm.  Relative ratios were 24 

calculated relative to infected cells without an inhibitor (t test), with results based on three 25 

experiments shown. 26 

Figure 7. Cell adhesion-related protein degradation by P. gulae ATCC 51700. 27 
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(A) Ca9-22 cells were infected with P. gulae ATCC 51700 at an MOI of 500 for 360 min.  (B) 1 

Ca9-22 cells stimulated with P. gulae ATCC 51700 at an MOI of 500 were treated with/without 2 

antipain, PMSF, TLCK, and leupeptin (100 µM).  The samples (10 μg) were analyzed by 3 

polyacrylamide electrophoresis using 8% and 10% SDS-PAGE, then subjected to 4 

immunoblotting and probed against β-catenin, E-cadherin, FAK, and paxillin.  Results were 5 

determined from three different experiments. 6 

Figure 8. Recombinant human proteins degradation by P. gulae ATCC 51700.  7 

(A) The recombinant proteins γ-globulin and fibrinogen (5 µg) were stimulated with P. gulae 8 

ATCC 51700 (5x107 cells) at 37ºC for the indicated times.  (B) Effects of protease inhibitors 9 

(100 μM) on recombinant protein degradation mediated by P. gulae stimulation.  γ-globulin and 10 

fibrinogen were stimulated with P. gulae ATCC 51700 (5x107 cells) with/without antipain, PMSF, 11 

TLCK, and leupeptin, and those in combination for 360 min, then analyzed by polyacrylamide 12 

electrophoresis using 8% SDS-PAGE.  Proteins were electroblotted onto PVDF membranes, 13 

which were then stained with 0.1% Coomassie Brilliant blue R-250.  Each particle protein 14 

profile was analyzed a minimum of three times following separation. 15 


