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Perïodontal diseases are destructive inflammatory conditions of the tissues supporting the tooth. 

The inflanmatory responses are induced by mixed bacteriai infection leading to eventual 

destruction of the periodontal tissue. Oral spirochetes of the genus Treponerna are one of the 

bacterial groups that are closely related to these diseases. This study investigated the interaction 

of a periodontal pathogen, T. denticola, its whole cells and outer membrane (OM) proteins with 

cultured eukaryotic cells. Cultured porcine periodontal ligament epithelial cells (PLE, a 

junctional epithelium model), and various ce11 lines were challenged with T. denticola ATCC 

35405 whole cells or with the major OM protein (Msp) complex, gel purified Msp, and 

chymotrypsin-like proteinase (CTLP). Msp complex was isolated fiom whole T. denticdu by 

detergent extraction, autoproteolysis, ultrd~ltration and detergent removai. The location of the 

Msp and CTLP on T. denticola OM was studied. Hexagonal array was observable on negative- 

stained T. dentkola OM under electron microscope where Msp probably constituted the main 

building block of the regular pattern together with the previousiy reported OM located CTLP. 

Native i? denticola Msp is an oligomer containing 53 kDa protein subunits which had porin 

activity in an artificial lipid bilayer. CTLP was previously characterized. Microscopic and 

modified ELISA assays showed that spirochetes adhered to PLE cells whether prefixed with 

glutaraidhyde (fixed PLE-FPLE) or not. Pre-treatrnent of T. denticda with the protease inhibitor 

N-tosyl-L-phenylalanine chloromethyl ketone or phenylrnethanesulfonyl fluoride blocked this 

binding and chymotrypsin-like activity. T denficola intact or sonicated whole cells were 

cytotoxic to PLE cells and to several ce11 lines. 

microculture tetrazolium assay or by quantiQing 

(LDH assay). T. denticola induced PLE ceIIda 

ii 

T. denticoh cytotoxicity was measured by 

lactate dehydrogenase release upon ce11 lysis 

changes were observed by light microscopy, 



image aaalysis and electron microscopy. These included: transient ce11 size increase of non- 

detached PLE cells leading to confluency maintenance, membrane disruption, vacuolation, loss 

of cell contacts, loss of ce11 size control, cytoskeletal rearrangement, and apoptosis of PLE cells. 

Msp complex, Msp and CTLP could attach to PLEFPLE and were found to be cytotoxic to PLE 

cells. Adherence of Msp was partiaily blocked by specific antibodies. Adherence of CTLP was 

paaially blocked by serine protease inhibiton and was M e r  inhibited by specific antibodies. 

Cytotoxicity of Msp and CTLP was inhibited by the same treatments that inhibited adherence. 

Standard patch clamp recording methods were used to study the effects of Msp complex on HeLa 

cells. Msp bound to several HeLa ce11 proteins, including a 65 kDa surface protein and a 96 kDa 

cytoplasmic protein. The Msp complex depolarized and increased the conductance of the HeLa 

ce11 membrane in a manner that was not strongly selective for Na', K', ~ a " ,  and CI- ions. Cell- 

attached patches of HeLa cell membrane exposed to Msp complex exhibited short-lived 

channels with a dope conductance of 0.4 nS in physiologically normal saline. These studies 

show that i? denlicola ATCC 35405 and its major OM protein elements, namely Msp and CTLP, 

could attach to a ce11 mode1 that resembles junctional epithelium and could produce cytopathic 

and cytotoxic effects. It was hypothesized that the strong proteolytic activities of CTLP and pore- 

Forming activity of the Msp complex were responsible for the cytopathic and cytotoxic effects of 

the putative periodontopathogen T. denticola on PLE cells. 
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standard deviation 
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scanning electron microscopy, or 
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superoxide dismutase 
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Tris-buffered saline 
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transmission electron microscopy 
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TdT-mediated dUTP-biotin nick end labeling 
University of Texas Health Science Center at San Antonio 
ultra-violet light 
Afiican green monkey kidney epitheliurn line 
Virginia Polytechnic Institute and State University 
vo lumeho lume 
Woodward's reagent K or N-ethyl-5-phenylisoxazolium 3'-sulphonate 
weightlvolurne 
alpha-modified Eagle's medium 
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beta-mercaptoethanol 
Sigma factor binding motif 
L-y-glutamyi-p-nitroanilide 
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CKAPTER 1 Overview and Summary 

1.1. Introduction 

The association of a microorganism with another living entity probably has existed for as 

long as the plant and animal kingdom. This occurred as a result of the struggle for existence by 

microbes and in some cases by the host itself. The human body undoubtedly provides various 

anatornic sites which different bactena can take advantage of and fmd their refuge or habitat. In 

moa situations, the microbe and its host establishes a balance that ensures the survival, growth, 

and propagation of both parties without any interference. However, in some cases, the host- 

parasite interaction might result in injuries to the host to such a degree that disease in the host 

might becorne apparent (Schuster 1990). 

The human mouth is one of those sites that microorganisms would colonize, thrive, and 

live. Upset of the microbe-host balance in the oral cavity is by no means a rare event. Such a 

process actually gives rise to two of the most common diseases in human beings - dental caries 

and penodontal diseases. This thesis is dedicated to investigate, partially, the untoward effects 

that may be brought about by an oral rnicroorganism-Treponema denricola-on mammalian cells 

in culture. 

1.2. Human periodontal disease 

1.2.1. Brief overview of periodontal disease. 

The term periodontal disease describes a nurnber of distinct clinicd entities that affect the 

periodontium including the gingiva, gingival attachment, periodontal ligament, cementum and 

supporthg alveolar bone (Genco 1990, Nisengard et al. 1988) (Figure 1.1). Periodontal disease 

is generally classified according to its clinical, host, and environmental characteristics. Different 



classification schemes have been proposed by regional or international professionai organizations 

(Arnerican Academy of Periodontology 1989, European Academy of Periodontology, Anstram 

& van der Velden 1994). However, despite such dedicated atternpts, the current classification of 

periodontal disease remains relatively inconclusive. It has been illustrated lately that there are 

overlaps between the different clinical entitieddisease foms in the current classification systems 

and that there is a need for M e r  development of evidence based descriptors for the diseases in 

order to more specifically identifi cause and effect relationships (Arnerican Academy of 

Periodontology 1996). 

The etiology of pathologie changes in the periodontal tissues is multifactorial. However, 

it is now well accepted that bacteria in dental plaque are the major etiological agents for human 

periodontal diseases despite the fact that the exact nature of the casud relationship of plaque 

bacteria in periodontal diseases remains unclear (Newman 1990). Two decades ago groups of 

specific bacterial species that may be related to human periodontitis were reported (Newman & 

Socransky 1977). Followed by many more similar reports, the concept of specific pathogenic 

periodontal microbiota evolved (Carlsson 1988). Penodontal diseases are now considered to be 

polymicrobial infections mediated by a group of periodontopathogenic microbiota. 

Porphyromonas gingivalis, Bactero ides forsythus, Actino bacillus actinornyceterncomituns, 

Prevotella intermedia, CampyZobacter rectus, and oral spirochetes such as T. denticola plus 

some other bacterial species strongly associated with periodontd disease (Genco & Loos 199 1). 

Penodontal disease manifestation reflects the interaction between microorganisms and 

host. The microbes c m  produce disease indirectly such as by toxic metabolites or by direct 

invasion and subsequent damage of the host tissues. On the other hand, the response Erom the 

host can be protective and/or destructive. Together, these interactions give rise to the spectrum 



of disease manifestation observable (Figure 1.1). How the host's inflamrnatory response cornes 

to be protective or destructive is fat fiom being weIi understood. However, three basic factors 

seem to be important for the nature of the inflammatory response. These are: i) 

immunoregulatory competency and the related genetic make-up of the host; ii) the nature, 

quantity, location of invasion, and digestibility of the insulting agent, and iii) the duration of the 

insulting agent-host interaction (S ynderman & McCarty 1 982). 

The pathogenesis of periodontal disease has been reviewed recentiy (Page & Komman 

1997). Komman and coworkers (1997) sumrnarized the local host response to the subgingivd 

microbial challenge as occurring in 4 phases. These are: i) Acute bacterial challenge phase: the 

epithelial and vascular elements respond to the bacterial challenge (Nagatu et al. 1992, Stadnyk 

1 994, Meikle et al. 1994), ii) Acute inflammatory response phase: the tissues respond to the early 

signals (Bevilacqua et al. 1985, Osbom 1990, Bickel 1993, Adonogianaki el al. 1994), iii) 

Immune response phase: activation of mononuclear cells which shapes the local and systemic 

immune response (Garrison & Nichols 1989, Kinane et al. 1993, Manthey & Vogel 1994), iv) 

Regulation and resolution phase: determinants of protective components in the sulcus and 

collagen balance in the tissues (Meikle ei al. 1994, Ingman et al. 1994, Tonetti et al. 1997) 

(Figure 1.2). 

The intact epithelial barrier of the gingival, sulcular and junctional epithelia normally 

prevents bacterial invasion of the periodontal tissues and is an effective barrier against 

penetration by bacterid products and components (Marsh & Martin 1992). Saliva and GCF flush 

the oral cavity and subgingival area with a multiplicity 

(Cimasoni 1983, Dolby 1986, Marsh & Martin 1992). 

(1 997) comprehensively reviewed the subgingival host 

of defense components against bactena 

Kornrnan and his CO-workers recentiy 

response to microbial challenge that is 



summarized as follows. With colonizing subgingival bacteria, through release of secreted 

proteins and metabolic products, the junctional epithelial cells, the gingival connective tissues 

and associated unmyelinated nerve fibers are triggered to release infiammatory mediators and 

neuropeptides respectively, which affect the local vascular response (Byers et al. 1987, 

Socransky 8: HafTajee 1991, Birkedal-Hanson 1993, Tonetti 1997 Figure 1.2A). Then a 

defensive response to the bacterial products may follow, which includes enhanced recmitrnent of 

PMNs, proliferation of the epithelial cells and localized secretion of enzymes that can initiate 

extracellular matrix destruction such as MMPs fiom macrophages and junctional epithelial cells 

(Offenbacher 1996, Figure 1.2B). If irritation &om subgingival bacteria pesists, the bacterial 

products and cytokines fiom epithelial cells can activate the local tissue mononuclear cells that 

might shape the local immune response (Page 1991). In brief, there will be increases in tissue 

lymphocytes, plasma cells and macrophages (Meikle et al. 1994), and a shift in the metabolism 

of the local fibroblasts to favor a reduction in collagen synthesis (Irwin et al. 1994), and 

activation of the local and systemic specific immune response (Garrison & Nichols 1989), with 

production of antibody directed against highly immunogenic bacteriai epitopes (Ishikawa et al. 

1997, Figure 1 X). Provided there are either i) a specific bacterial biomass that directly inhibits 

key components of the host defense rnechanism (Dameau et al. 1997, a d o r  ii) host response 

modifiers, such as smoking, systemic disease and/or genetic variation (Hart & Kornman 1997, 

Salvi et al. 1997), a more destructive response to the bacterial challenge may be evidenced 

(Figure 2.2D). The net result will be initiation of loss of attachent and increased mononuclear 

ce11 activity in the perîodontal tissue. The idammatory mediators and the matrix enzymes load 

in the tissue will be increased, these being contributed by fibroblasts, PMNs, plasma cells, 

macrophages, junctional epithelial cells (Meikle et al. 1994). The impact of such changes is to 



subtly shift the scene fiom one in which the host is controlling the bacterial challenge to one in 

which the challenge is less well controlled and the tissue-destructive phase is dominant 

(Kornman et ai. 1997). 

1.2.2. P eriodontium in hedth 

The human periodontium is composed of tissues that surround and support the tooth in its 

natural and functional state. It consists of gingiva with the gingival fiber groups, cementum with 

embedded Sharpey's fibers, PDL fiber groups and alveolar bone with embedded Sharpey's 

fibers. The tooth is attached to the alveolar bone by a resilient suspensory fibrous attachment 

mechanism mediated principally by the PDL fibers. These are the elements that resist normal 

functional forces of mastication and enable the tooth to adapt to stress (van Rensburg 1995). At 

the soft-hard tissue junction, the gingiva provides a sofi tissue collar around the cervical region 

of tooth and separates those parts of the tooth exposed to the oral environment from the 

underlying delicate connective tissues and tooth attachment apparatus (Williams et  al. 1992). 

1.2.2.1. Human penodontium - a brief ovexview of the hard-soft tissue junction 

The components of the penodontiurn and the dentogingival junction are diagrammatically 

represented in Figure 1.3. The structures of the periodontium from outside towards the tooth 

comprise: gingiva, PDL, alveolar bone and cementum on the root surface of tooth. On the 

cellular or molecular level, hurnan penodontium consists of various cellular elements and 

extracellular matrix molecules. Epithelial cells forrn the extenor border between where the hard 

tissue of the tooth meets the gingiva, while fibroblasts form the predominant ce11 type in the 

gingiva and the PDL. When compared with most connective tissues, the penodontal ligament is 



highly cellular. Animai studies have shown 20 - 50% of the tissue in PDL specimens to be 

occupied by cells (Berkovitz and Shore 1995). 

The epithelial cells of the hurnan periodontium are highly differentiated, probably in 

response to various functional demands. Epithelid cells appear in the dentogingival junction in 

three presentations: i) oral gingival epithelium (orthokeratinized), ii) oral sulcular epithelium 

(non-keratinized), and iii) junctional epithelium (non-keratinized). The oral epithelia in general 

are stratified squamous epithelium and are composed of keratinocytes and non-keratinocytes or 

clear cells (Williams et al. 1992). Ce11 division normally occurs only in the basal ce11 layer, and 

the cells that arise from these divisions move gradually through the epitheliurn towards the 

surface and are shed into the oral cavity. Both oral gingival and oral sulcular epithelia synthesize 

membrane coating granules in the upper part of the prickle ce11 and granula. ce11 layers. These 

granules discharge their lipid contents into the intercellular space between the upper ce11 layers of 

both keratinized and non-keratinized epithelia, forming a weak barrier to water and water soluble 

substances. Such activities are not observed in the junctional epithelium (Williams et al. 1992). 

The junctional epithelium or the junctional epithelial cells, form an epithelial collar 

responsible for uniting the connective tissue of the gingiva and the tooth surface (Figure 1.3B). 

The most apical part of the junctional epitheliurn is only a few cells thick, whilst corondly there 

mzy be between 15 and 30 ceIl layers, with a thickness of 30-100 p m  (Squier et al. 1975, Figure 

1.4). The junctional epithelium consists of a basal layer of cells that are somewhat cuboidal or 

elongated in a cervical direction, and a stratum spinosum-like layer extending up to the tooth 

surface. The cells are progressively flatter the closer they are to the tooth surface. At its most 

apical termination the junctional epithelium probably consists entirely of basal cells. On the 

tooth side, an apparatus narned the epithelial attachent mediates the attachment. This consists 



of hernidesmosomal junctions lining the ce11 membrane adjacent to the tooth and a basement 

lamina (Figure 1.48). The epithelial attachent is approximately 40 nrn wide and the adhesive 

forces are rnolecular in nature (Berkovitz et al. 1995). The lamina between the junctional 

epithelium and the connective tissue is termed the extemal basernent lamina, and those between 

the junctional epithelium and the tooth surface the intemal basement lamina (Figure 1.4). 

Morphometric analysis has show the relative volume occupied by the cells to be approx. 80%, 

and that occupied by the intercellular space to be approx. 20% (Schreoder and Münzel- 

Pedrazzoli 1970). The intercellular spaces of junctional epithelium rnay allow varying degrees of 

PMN leukocyte and monocyte infiltration. The border between the junctional epithelium and 

the connective tissue is relatively straight, although slight ridges may project into the connective 

tissue from the coronal portion of the epithelium. The junctional epithelium is a tissue with a 

high rate of cellular turnover (Anderson and Stern 1966, Engler et al. 1965). In primates, the 

turnover time was caiculated between 5 and 11 days and appears to be higher than that of oral 

gingival epithelium (Skogaard 1 965). 

Other than the specially differentiated epithelial cells at the gingival sulcus that possess a 

specific functional role, aggregations of epithelial cells are also found within the periodontal 

ligament. These are undifferentiated epithelial ce11 masses, completely surrounded by comective 

tissue cells (Brunette et al. 1979) and are named the ce11 rests of Malassez. 

Beneath the junctional epithelium the penodontal ligament forms the structurai 

component of the periodontium. Fibroblasts fcrm the most important cellular element in that 

region. They lie between collagen fibers and their histologicai appearance is believed to be 

govemed by the surrounding matrix. The role of the penodontal fibroblasts is to produce 

extracellular matrix for the periodontal ligament (Berkovitz and Shore 1995). Special cells for 



particular bc t ions  in the human periodontium are aiso found, e.g. cementoblasts, osteoblasts 

and osteoclasts. Cementoblasts are the cells responsible for secreting the organic rnatrix of 

cementum. Located imrnediately adjacent to cementurn, they possess growth hormone receptors 

on their membranes (Berkovitz and Shore 1995), indicating that cementogenesis is a controlled 

process. Osteoblasts within the confinement of periodontium are found on the surface of the 

alveolar bone, similar to osteoblasts fiom other regions of the body. They are responsible for new 

bone deposition. Osteoclasts are found within resorption lacunae of alveolar bone. They are 

responsible for resorption or remodeling of the alveolar bone. Morphologically and functionally 

similar clastic cells that take up specific responsibilities such as resorption of cementurn and 

dentine have also been observed. They are sometimes referred to as cementoclasts and 

odontociasts (Addison 1979). The junctiond epithelium is constantly patrolled by PMN. They 

do not remain within the junctional epithelium. Rather, these defense cells pass through into the 

gingival crevice while new PMNs are supplied by the vasculanire nourishing the periodontiurn. 

Like other fibrous connective tissues, the periodontal ligament contains defense cells too. 

Examples are macrophages, mast cells and eosinophils. These cells are responsible for defense 

against the invasion of dental plaque microbes (Berkovitz and Shore 1995, McCuIloch et al. 

1989). 

The most important element of the periodontium extra-cellular matrix molecules or 

macro-molecules is the collagen arranged into fibers. Type I collagen forms the bulk of the 

collagenous element of periodontal ligament, with lesser amount of type III, IV, V, VI and XII 

collagens (Romanos et a1. 1991 and 1992). Collagen types 1, III and V are the f i b d  (or quarter 

staggered fibnls) collagens in the penodontal ligament. Collagen type N forms the collagen 

sheets of the epithelial celi basement membrane. Collagen type VI is the beaded fibrils, together 



with collagen type XII, the FACITS, are the short-chah collagens in the penodontal ligament. A 

fair proportion of extracellular matrix compounds identifiable in connective tissues is also 

reported to be isolated in the periodontal tissue (Embery et al. 1995, Table 1.1). Included in the 

list are non-collagenous proteins like i) laminin and entactin which are responsible for 

organization of basement membrane or cell adhesion; ii) vitronectin which is involved in ce11 

regulation and attachent; iii) tenasin for ce11 migration, wound healing etc; and iv) fibronectin 

for maintainhg integrity of connective tissue structure (Embery et al. 1995). Various 

extracellular rnatrix or ce11 surface proteoglycans are also reported to be present together with 

glycosaminoglycans such as hyaluronan, heparan sulphate, dermatan sulphate, chrondroitin 

sulphate and keratan sulphate (Bartold 1995, Table 1.1). 

1.2.2.2. A mode1 system for junctional epithelium. 

As described in the previous section, junctional epithelium is an epithelial structure that is 

responsible for adhesion of gingiva to the tooth surface. The unique features of the junctional 

epithelium, such as lack of keratinization, limited differentiation and a relatively permeable 

nature, enables the innate defense system to act in its vicinity against foreign substances or 

organisms. The subgingival microbiota, including periodontopathogens, are localized in direct 

contact with the junctionai epithelium. Modulation of the physiology of the junctional 

epithelium or direct damage to the junctional epithelium may favor the survival and proliferation 

of the periodontopathogens of the subgingival plaque bacteria. On the other hand, attempts by 

host defense mechanisms to Iimit the deleterious effect on junctional epithelium with the addition 

of defense cells will be constantiy on display in the human subgingival environment. Recently, a 

model for junctional epithelium was developed using porcine periodontal ligament epithelial 



(PLE) cells which are cells of the epitheliai rests of Malassez (Pan 1993, Pan et al. 1995). In 

v i ~ o ,  the multi-layer PLE ce11 culture morphologically resembles junctional epithelium, with 

sphericai basal and suprabasal layers containing large intercellular spaces. nie cytokeratin 

profile (k5,  6, 14, 16, 19) of these cells also resembles that of the junctional epithelium in vivo 

(Pan et al. 1995). While the model lacks the attachrnent structure resembling the extemai basal 

lamina, because no connective tissue is present in the culture system, the model, serves as a 

controlled organotypic ce11 culture system to study behavior of epithelid cells that resemble 

junctional or sulcular epithelial cells (Pan et al. 1995). 

1.3. Treponema denticola as one of the periodontopathogens 

Increasingly, more evidence has become available to demonstrate that penodontal disease 

is caused by specific pathogenic bacteria. A recent world workshop on penodontal disease has 

identified P. gingivalis, B. forsythus and A. actinomycetemcornitam as causative agents of 

penodontal disease (Amencan Association for Periodontology 1996). In fact, adult periodontitis 

is not associated with a single organism, and it is likely that a consortium of bacteria participate 

in the disease (Darveau et al. 1997, Table 1.2). The assigning of a subgingival microorganism to 

the list of periodontopathogens or agents associated with periodontitis is generaily done in 

accordance with Socransky's modified Koch's postdates for dental infections (Socransky 1979). 

The unique nature of the periodontal opportunistic infection does not fit-in well with the original 

Koch's postdates, which were invented to describe the nature of a medical pathogen. In order to 

utilize the postdates in the dental or periodontal context, Socransky modified them and 

formulated the following version: i) association with disease, ii) elimination of the organism, iii) 

host response, iv) animal pathogenicity, and v) mechanisms of pathogenicity. A few of the 



current well known periodontal or dental pathogens were identified based on the modified 

postdates such as P. gingivalis and A. actinomycetemcomitans. T. denticola has been suggested 

to be one of the subgingival species associated with penodontitis (Table 1.2). Part of the 

following sections (1.3.2. - 1.3.7.) is an account, based on the modified Koch's postulates. of 

why T. denticola is considered as a member of the penodontopathogens. 

1 -3.1. Treponema den ticola 

1.3-1.1. Physical appearance and habitat 

T. denticola is slender, flexible, irregular helical shaped, unicellular, motile, gram- 

negative bacteria. The ce11 dimensions of the type strain ATCC 35405 are as follows: length, 

7.74 k0.94 pm; diameter, 0.20 k0.02 pm; wave length, 1.23 kO.15 Pm; amplitude, 0.50 kO.05 

prn (Canale-Parole 1984, Chan et al. 1993, Ruby et al. 1997). T. denticola, one of the many 

spirochete species of the Order Spirochaetales, possess unique rnorphological features as 

outlined in the following. Enclosing the spirochete is an outer membrane (OM) sometimes 

referred to as the outer sheath or outer envelope (Johnson 1977). The peptidoglycan layer and 

the cytoplasmic membrane are located immediately beneath the OM (Canale-Parole 1984). The 

membrane-bound protoplasmic cylinder contains ribosomes, mesosomes, vacuoles, cytoplasmic 

tubules and nuclear areas. In between the OM and the peptidoglycan layer of the T. denticola 

type strain, 5 pairs of endoflagella or periplasmic flagella can be found (Chan et al. 1993). These 

attached bipolarly in a subtenninal position and extend toward the opposite end of the ceIl 

(Johnson 1977). Ultrastmcturally, the spirochete was found to have synthesized or acquired an 

extracellular polysaccharide or slime layer on the surface (Scott et al. 1997). Covered by the 

slime layer, the OM of T. denticola consists of 2 - 3 electron dense layers separated by an 



electron transparent area which resembles the outer membrane of gram-negative bacteria 

(Cockayne et al. 1989). However, classical endotoxin was not associated with the OM (Johnson 

1976); instead, only incomplete endotoxin like or lipopolysaccharide-like substance was reported 

(Akiyarna 1977, Yotis et al. 1995, Dahle er al. 1996). The O M  seems to be elastic and fragile in 

nature. When the spirochetes are exposed to adverse conditions, or during stationary phase of 

growth. the OM fiequently separates fhm the protoplasmic cylinder and blebbing of the ce11 

surface occurs, presumably in an attempt to reduce surface area (Wolf et al. 1993). nie main 

structural features of T. denticola are outlined in Figure 1 S. 

Taxonomie history and classification 

Although Brumpt first described Treponema denricola in 1925, this spirochete was 

without nomenclatural standing until 1993. It was because no type strain was designated for the 

species. In 1993, Chan and coworkers proposed T. denticola as a distinct species of the genus 

Treponema and designated T. denticola type and reference strains for such purpose (Chan et al- 

1 993). T. denticola belongs to the famil y of Spirochaetaceae under the order Spirochaetales. 

Spirochaetales is a t a o n  that was proposed as a result of the tendency to attribute phylogenetic 

or taxonomie value to morphological features, i.e. spirochetes grouped together because of basic 

stnichud similarities (Canale-Parola 1984). However, it was confirmed later by 16s rRNA 

sequences andysis that the Spirochaetaceae members including T. denticola belong to a 

monophylectic bacterid phylum (Paster et al. 199 1). 



1 -3 -2. Association with periodontitis 

Spirochetes were reported to be able to colonize the subgingivai area of older children 

around the time of puberty (Socransky & Manganiello 1973). Relatively elevated proportions of 

spirochetes together with motile rods were frequentiy observed in periodontally diseased sites 

(Listgarten & Helldén 1978). Later, 1: denticola as a member of the subgingival spirochete 

family was confirmed: To conceptualize the specific plaque hypothesis of periodontal disease 

causation by a consortium of periodontopathogens including T. denticola, researchers began to 

investigate the evidence for overgrowth of T. denticola in subgingivai plaque bacteria in 

"diseased pockets". With approaches such as: i) direct immunohistochemical microscopy of 

penodontal pocket tissue block biopsies with subgingival plaque in situ (Kigure et al. 1995), ii) 

immunofluoresence or immunocytochemical microscopy of plaque sarnples (Loesche ei al. 1992, 

Riviere et al. 1995), iii) ELISA detection of the spirochete from plaque samples (Sirnonson et ai. 

1988), iv) selective treponeme culture (Moore et al. 1982, Cheng & Chan 1983, Koseki et al. 

1996), v) molecular biological methods such as use of a specific DNA probe, PCR, 16s rRNA 

sequencing etc. (DiRienzo et al. 199 1, Soder et al. 1993, Choi et al. 1994, Dahle et al. 1995, 

Ashimoto et al. 1996, HafEajee et ai. 1997), researchers have been able to document the 

association of T. denticola with diseased penodontal pockets. 

Other than physical detection, isolation or cultivation of T. denticola fiom periodontal 

plaque sarnples, attempts have been made to imitate the subgingival plaque system in vitro. ter 

Steeg and coworkers (1 988) modeled the cultivation or growth conditions of subgingival plaque 

in penodontal pockets. A slow-growing continuous culture enrichment of pooled subgingival 

plaque fiom periodontal pocket was established. They observed production of a wide variety of 

cell-bound hydrolytic enzymes in the system and production of acidic end-products in a ratio at 



least partly resembling that of human gingival fluid samples. This led to their conclusion of 

having successfully established a preliminary in vitro subgingival culture model. When the 

components of the steady state culture were analyzed, they identified up to 24% of the total 

bacteriai mass as having spirochetes, mainly T. denticota, together with bacteria of the species 

Peptostreptococcur, Lactobacillus, Streptococcus, Prevotella, Eubacterizun and Veillonella. 

This study showed that T. denticota might be an important element of penodontal disease 

associated subgingival plaque. 

A recent study by Gazi and CO-workers (1996) collected and analyzed gingival tissue 

extract andor GCF fiom untreated AP patients using a substrate-impregnated overlay technique 

on IEF gels. Sonicated penodontopathogens including T. denticola ATCC 33520 and ATCC 

33521 were also anaiyzed in an attempt to identifjr the nature of the proteinases fiom the 

perïodontally diseased hurnan sample. They concluded that a contribution by in vivo T. denticola 

cysteine proteinase to the GCF sampled could not be ruled out. This report was arnong the fmt  

that docurnented probable in vivo subgingival effects of T. denticola in subjects suffering from 

periodontitis. 

1 -3 -3. Elimination of T. denticola associated with disease resolution 

It has been widely reported that subgingival spirochetes are among one of the bacterial 

morphotypes that respond most readily to penodontal therapy (Listgarten et al. 1978, Mousques 

et al. 1980, Slots et al. 1985). It was reported that T. denticota is among one of these spirochetes 

that respond to subgingival debriment (HafTajee et al. 1997). This was first documented 6 years 

ago by Simonson and coworkers (1992) who followed subgingival rnicrobiology of AP patients 

before and shortly after non-surgical mechanical therapy using ELISA assays. Mean levels of T. 



denticola were significantly reduced after therapy and the heaiing response in diseased sites, i.e. 

decrease in probing pocket depth, was associated with reduction in the immunologicdly 

detectable Ievel of T. denficola in the same pocket. Conversely, non-responding sites had post- 

treatment T. denticola Ievels of greater than or equai to those of pre-treatment levels, suggesting 

that T. denticola had to be eradicated from penodontally diseased sites before resolution of 

disease could be realized. 

1.3.4. Host response to T. denticola 

Host systemic response upon the challenge or subgingival infection by T. denticola will 

be reviewed partly in section 1.3.6.5. The increased humoral immune response against 7'. 

denticolu in AP subjects and the down regulated or minimal humoral immune response against 

the spirochete in severely periodontally afEected individuals suggests that T. deniicola plays a 

special roie in the periodontopathogenic process (Steinberg & Gershoff 1968, Tew et al. 1985, 

Gunsolley et al. 199 1 ). Locd immune response of diseased subgingivd sites of AP patients in 

generd has been extensively reviewed (Figure 1.2, Komman et al. 1997). From GCF sarnples, 

an array of parameters could be rneasured: i) increases in local PMN activity depicted by 

increased lysosomal PG, collagenase or elastase activities (Makela et al. 1994, McCulloch 1994, 

Nakashima et al. 1994), ii) increased production of idammatory mediaton such as PG- and 

interleukins (Mendieta et al. 1985, Stashenko et al. 199La & b); iii) liberation of acute tissue 

desù-uction indicators such as AST and/or LDH (Harper et al. 1989, Nakashima et al. 1994); iv) 

increased release of indicators of demineralkation such as alkaline and acid phosphatases 

(Nakashima et al. 1994) etc. However, few investigators have attempted to correlate the 

relationship between subgingival local host responses with regards to the correspondhg 



microflora in the vicinity. Jin and coworkers (1998) recentiy studied such relationships. They 

observed colonization of untreated subgingival periodontitis sites with T. denticola plus at least 3 

other periodontopathogens namely P. gingivalis, B. forsythus and P. intermedia. They observed 

significantly more prevalent colonization by the four pathogens in diseased sites than healthy or 

gingivitis sites fiom the same individuals. The local inflammatory response, in terms of GCF 

elastase and PGE, levels, was minimal in healthy or gingivitis site while at the periodontitis sites, 

diverse levels (low to very high) were observed. They postulated that such variation might be 

result of complex host-bacteria interactions and might be indicative of different stages of 

penodontd disease activity or progression. 

1.3.5. Animai mode1 of T. denticola periodontal pathogenicity 

The ability of T. denticola to cause periodontal disease in an animal model has not been 

studied. So far, only laboratory transmission studies of necrotizing ulcerative gingivitis between 

beagle dogs have been reported. Weekly inoculation of dental debns frorn af3ected dogs to 

heavily steroid subdued unaffected dogs demonstrated such disease in these circurnstances was 

transmissible. Spirochetes were one of the key components in such dental debris and they were 

found in intercellular spaces of the affected epithelium and were sometirnes intra-cellularly 

located. (Maltha et al. 1985, Mikx & van Carnpen 1982, Mikx et al. 1990). However, no report 

is available illustrating whether T. denticola was arnong the invading spirochetes in such an 

animal disease condition. The dificulties of raising gem-fiee animals rnay be one major 

obstacle for studying whether T. denticola causes periodontitis in an animal model. Other 

problems may include choosing the rîght animal to test; whether periodontal disease induced in 

animals may resemble what is seen in humans; if it is appropriate to stimulate periodontal disease 



in animals with systemic or local interference e.g. steroid injection, ligature placement etc. The 

ability of T. denticoia to darnage non-oral cells and tissues of laboratory animals was, however, 

quite intensively studied (Ebenole et al. 1995, Kesavdu et al. 1997). Details of these shidies 

was reviewed in section 1.3.6.4.. 

1.3 -6. Periodontopathogenic potential 

The penodontopathogenic potential of T. denticolu has been thoroughly reviewed 

recently ( F e ~ o  & McBride 1998). Being one of the most readily cultivable spirochetes from 

hurnan subgingival plaque specimens (Chan et al. 1993), attention has been given to the in vitro 

investigation of this treponeme in ternis of its character, physiology and pathological potentials. 

Given its close association with periodontal disease, certain characteristics or aspects of the 

bacterium that might be involved in periodontal disease pathogenesis were studied. Such 

characteristics include: i) motility of the organisrns; ii) ability to adhere to host surfaces or host 

tissue; iii) ability to invade host tissues iv) ability to cause host cells damage; v) ability to evade, 

damage or undermine the host's defenses; and vi) ability to coexist or possibly augment the 

action by other penodontopathogens resuiting in more severe host tissue damage. 

1.3.6.1. Motility 

Motility provides a microorganism with many ecological advantages. Motile microbes. 

including T. denticola, could quickly respond to alterations of selective pressure in the local 

environment (Chan et al. 1995). It had been documented recently that T. denticola present 

themselves at the surface layer (i.e. facing pocket epithelium and comective tissue) of 

subgingival plaque in deep periodontal pocket sites (Kigure et al. 1995). Based on the 



knowledge that spirochetes and treponemes are not key elements of subgingival plaque biomass 

until that is matured (Loe et al. 1965, Listgarten et al. 1975), T. denticola very likely move in 

and colonize the subgingival area when the local conditions become favorable to them. They 

were also reported to be one of the bacterial species rnost sensitive to subgingival debriment or 

plaque control (Mousques et al. 1980, HafYajee et al. 1997). This was also the case when local 

antimicrobials were used as the subgingival plaque control agent. In ligature induced 

periodontitis in beagle dogs, Klinge and CO-workers (1992) observed significant dnmatic 

reduction in spirochetes in the metranidazole treated sites not observed in the placebo sites. 

Johnson and coworkers (1997) had shown re-population of subgingival areas of previously 

successfully treated periodontitis patients by spirochetes and motile rods 4 weeks after cessation 

of oral hygiene. Motility plus their ability to respond to chemotactic stimuli in the environment 

could enable T. denticola to colonize a particular subgingival area or site. 

The locomotory abilities of treponemes in general and T. denîicola in particular have 

been reviewed and studied in vitro (Berg 1976, Canale-Parola 1978, Pietrantonio et al. 1988, 

Charon et al. 1992a & b, E U i t o ~ o s  et al. 1993, Ruby 1995). In general, spirochetes exhibit 

rotatory and flexing movements. The flexing movement includes lashing, looping, and bending. 

Vibrations, undulations, formation of helical waves traveling dong the body and production of 

planar waves are also possible (Canale-Parola 1977). Berg in 1976 proposed that the periplasrnic 

flagella rotate between the OM and the protoplasmic cylinder to create spirochetal locomotion. 

That was later confirmed by Charon et al. (1992a). Despite the fact that not many of the 

spirochetal motions other than the two distinct locomotion phenotypes (Chan et al. 1995) and the 

so called "jerky but rapid motiony' were observed and descrïbed for T. denticola (Smibert 1984), 

attention has been drawn towards the study and characterization of rnotility control of the 



spirochete (Pietxmtonio et al. 1988, Klitorinos et al. 1993, Ruby 1995). Studies of T. denticola 

motility through viscous environments were carried out based on the hypothesis that this ability 

was considered very important for the establishment of the host-spirochete parasitic relation in 

the subgingival environment. Klitorinos and coworkers (1 993) investigated velocity of 

spirochetes' movement in media of different viscocities. They showed that optimal migration of 

spirochetes was viscosity-dependent. For example, T. denticola exhibited the fastest migration 

speed of 18.7 k4.4 pm/min at a viscosity of 3OmPams while the spirochete was still able to move 

in media of viscosities up to 700 mPa.s, which was equivalent to an environment too viscous for 

any other non-spirochetal motile bacteria to move. 

Research has been conducted to map out the flagellar genes of T. denticola. So far genes 

homologous to seven known flagellar genes organized as an operon under the probable control of 

a 2' farnily promoter have been identified (Heinzerling et al. 1997). With the recent success in 

generation of a non-motile T. denticola mutant defective in fIgE expression, (Li & Kuramitsu 

1996, Li et al. 1996), researchers are hopeful that the assembly and fünction of spirochetal 

flagella in T. denticola and other spirochetes could be clarified in the not too distant future. 

Furthemore, initial molecular biological studies of T. denticola chemotaxis also 

produced rewarding fmdings. A gene, narned dmcA, encoding a homologue of a large family of 

methyl-accepting chemotaxis proteins, was identified (Kataoka er al. 1997). Mutation of this 

gene resulted in decreased chernotactic activity of T. denticda (Kataoka et al. 1997). 

Adhesion 

In vitro ability of T. denticola to adhere to various surfaces has been reported in many 

studies. Studies using in vitro attachrnent assays have reported that T. denticola bond to coated- 



solid surface, extracellular matrix and cells in culture (Cimasoni & McBride 1987, Thomas 1996, 

Fenno & McBride 1998). The initial attachment of bacterial cells to niches in a host is one of the 

most important steps in the development of uIfection (Beachey 1981, Gibbons 1989, Hook et al- 

1990). Such abilities or bacterial strategies that promote bacterial colonization of the host will 

undoubtedly augment the virulence of the related bacteria (Salyers & Whitt 1994). Therefore, 

the well recognized versatility of T. denticola host surfaces adhesion places this spirochete 

favorably among the periodontopathogens. 

T. denticola was reported to be able to adhere to b a e r  coated hydroxyapatite (HA) beads 

as well as glass cover slips (Cimasoni & McBride 1987, Nakatani et al. 1992). In one study, it 

was shown that T. denticola could attach to HA beads equally well be it pre-treated with buffer, 

human saliva, human senun, or crevicular fluid frorn subjects with severe marginal inflammation 

as observed using SEM (Cimasoni & McBride 1987). Similar findings were also reported in 

another study when T. denticola attachent to g las  cover slip was investigated (Nakatani et al. 

1992). In this study it was observed through light and scanning electron microscopy that human 

saliva, human or animal sera, and bovine serum albumin had no major eEect on T. denticola- 

glass adhesion. From the same report, inhibition of the spirochete-glas adhesion by i) pre- 

heating the T. denticola at 100°C, ii) fixing the spirochete using formaldehyde or glutaraldehyde, 

iii) pre-treating the spirochete with sodium metaperiodate, were observed. The Japanese group 

foliowed up with more investigations of spirochete pretreatment on T. denticola-glass adherence. 

Pretreatment by  trypsin, proteinase K, lipase, and lysozyme significantly reduced the spirochete's 

ability to adhere to glass, however, PME pre-treatrnent of T. denticola doubled the spirochete 

attachent. The importance of motility of T. denticola on HA attachment was also studied. 

Spirochetes rendered immotile by chloroform treatrnent attached to the HA in a fashion similar to 



motile spirochete (Cimasoni & McBnde 1987). One interesting fmding nom the same report 

was that pretreatment of HA with PMN lysosomal enzymes clearly reduced T. denticola 

adhesion. However, no M e r  experiments were conducted on the effects of Lysosomal enzymes 

on T. denticola and subsequently its ability to adhere, so the role of PMN lysosomal enzymes in 

T. denticda-HA attachent remains to be more exhaustively elucidated. 

Studying the ability of T. denticola to adhere to extracellular matrîx was also one major 

aspect that investigators wanted to pursue. Extracellular matrix components pre-coated onto 

plastic, glass, nitrocellulose, latex spheres or rnicrobeads surfaces were employed to study the T. 

denticola-extracellular matrix adherence (Table 4.1, Dawson & Ellen 1990 and 1994, Haapasalo 

et al. 199 1 and 1996, Nakatani et al. 1992, Ellen et al. 1994a). Nakatani and coworkers (1 992) 

reported collagen VI or fibronectin pre-coated g l a s  cover slips bound significantly more T. 

denticola than BSA control. Similar preferred adherence to fibronectin by the spirochete was 

also reported in other studies (Dawson & Ellen 1990, Haapasalo et al. 1991). Knowing that 

pathogenic treponemes such as T. pallidum attach to eukaryotic cells binding domain on 

fibronectin of amino acids sequence: arginine-glycine-aspartic acid-serine, RGDS, (Thomas et al. 

1985), Dawson and Elten (1990) tested the adherence of T. denticola to such peptides. The 

spirochetes were found to attach to the RGDS peptides as efficiently as to fibronectin molecules. 

However, a later study which detected attached T. denticola using ELISA technique could not 

repeat similar attachment behavior of the spirochete to GRGDS peptide (Table 4.1, Haapasalo et 

al. 199 1 ) .  Binding of T. denticola to extracellular matrix proteins other than fibronectin was also 

studied using rnicroscopic or ELISA methods (Dawson & Ellen 1990, Haapasalo et al. 1991). 

Dawson and Ellen (1990) observed microscopically significantly increased adherence of T. 

denticola shains ATCC 33520, e and e' to laminin coated plastic, however, type TV collagen 



coated plastic surface did not stimulate more adherence. Haapasalo and coworkers (199 1) later 

ais0 reported similar binding behavior of T. denticoh strain ATCC 35405 to laminin. They 

demonstrated that among the 140 kDa eukaryotic ce11 binding hgrnent and the 50 kDa heparin 

binding fragment of larninin, the 140 kDa fiagrnent bond better to T denticola. Also reported 

were the abilities of T. denticola adhesion to fibrinogen, gelatin, type 1 and type IV collagens. 

The result about the T. denticola attachment to type IV collagen was different from that of the 

previous report (Dawson & Ellen 1990). Another area of difference between the two reports was 

that while Dawson and Ellen (1990) observed increased adherence of fibronectin pre-treated T. 

denticoia to fibronectin, Haapasaio and coworkers (1991) could not see such an effect, and 

suggested that differences in experimental design may have accounted for the differences 

observed. In addition, the different T. denticola strains used in these studies may also have 

contributed to some extent to the discrepancies (Thomas 1996). 

The effects of various pre-treatments of T. denticola on its ability to adhere to 

imrnobilized extracellular matrix protein were also studied (Haapasalo et al. 1991). Heat 

treatrnent (2 70°C, 10 min) reduced the spirochete attachment to larninin, gelatin, and fibrinogen. 

Mixed glycosidases treatrnent of the spirochetes demonstrated attachment inhibition to varying 

extents. Pre-treatrnent of T. denticola with soluble substrate proteins such as laminin, gelatin, 

BSA, or fibnnogen had no effect on the spirochete - coated protein binding. However, if 

sulfhydryl reagents such as pCMBA or oxidized glutathione were used to pre-treat T. denticola 

before attachment experiments on extracellular matrix proteins, significant reductions in the 

spirochete attachment were observed (Haapasalo et al. 199 1). The authors concluded that the 

binding of T. denticola to extracellular matrix proteins appeared to involve protein sulfhydryl 

groups andor carbohydrate residues on the surface of the spirochete. 



Obserwig a proportion of the T. denficola cells bound to imrnobilized fibronectin by 

their ends, Dawson and Ellen (1 990) designed more experiments to investigate this observation. 

In their later report (Dawson & Ellen 1994), using a 2% methylcelIulose migration colurnn plus 

SEM and TEM techniques, demonstrated T. denricola had patchy fibronectin binding regions on 

its ce11 surface. While the fibronectin contact per se might stimulate a re-arrangement of such 

fibronectin binding regions so that they concentrated towards the tip of the spirochete, thus 

explaining the tip attachent behavior of i? denticola. 

Study of T. denticola adhesion to extracellular matrix was not limited to matrix proteins 

only. Recently, Haapasalo and coworkers (1 996) investigated the adhesion of T. denticola to 

hyaluronan coated plastic or microbeads. They reported that pre-treatment of the bacteria with 

hyaiuronan or fibnnogen inhibited its binding to the hyaluronan, while gelatin, BSA, 

chrondroitin-4-sulfate, chrondroitin-6-sulfate, heparin, dermatan sulfate, glucuronic acid, D- 

GluNAc and D-GalNAc did not inhibit binding. Physical or chemicai treatrnents that inhibited 

the T. denticola CTLP activity, such as heating to 2 80°C, pre-treatment in pH 1 3, pre-treatment 

with sodium periodate, PMSF or pCMBA inhibited the binding of the spirochete to hyaluronan. 

They postulated that T. denticola bound to hyaluronan by a mechanism involving the CTLP of 

the spirochete. 

T. denticola strains were also reported to be able to attach to eukaryotic cells in culture. 

Studies of at least 19 strains of T. denticola and 1 1  ce11 lines or explant cultures have been 

reported (Table 4.2). Basically, T. denticola attached to al1 cells tested, whether epitheioid or 

fibroblast-like. Not al1 ce11 lines/expiants were equally attractive to T. denticola binding: HCE,  

GPE and MDCK were three of the cells to which T. denticola attached least well. Different T. 

denticola strains dso behaved differently (Table 4.2). In many studies, there was great variation 



in the number of spirochetes attached to individual cells on a culture. Cells in a particular stage 

of their ce11 cycle might be more attractive to 7'. denticoh, which may account for observed 

increased spirochete binding to dividing cells or celis of low confluency. Attachment of T. 

denticda to fibroblasts was shown occurring together with degradation of fibronectin on the 

HGF surface (Ellen et al. 1994). Hyaluronan, as was shown in two separate snidies (Olsen 1984, 

Haapasalo et al. 1996), might play a part in the T. deniicola - epithelial ce11 adhesion process 

(Table 4.2). T. denricola surface lectins as well as glycoproteins, proteins or carbohydrate 

molecules might mediate attachrnent of the spirochete to animal or hurnan ce11 surfaces 

(Weinberg & Holt 1990, Keulers et al. 1993a 1993 b, 1993c, Haapasalo et al. 1 996, Table 4.2). 

In addition to the ability to adhere to difTerent ce11 surfaces, the ability of 7'. denticola to 

agglutinate erythrocytes was also studied (Grenier 1991, Mikx & Keulers 1992). T. denticola 

was shown to agglutinate human (A, B, or O blood group), rabbit, hone or bovine red blood 

cells. Both reports indicated the hemagglutination activities of T. denticola to be ce11 bound. 

Mikx and Keulers (1992) reported that the hemagglutination activity was not related to cell 

appendages, such as funbnae. They also observed that growth phase related hemagglutination 

activity was abolished by heating, alkylation, or proteolytic enzyme digestion of T. denticola, 

leading to their postulation that the agglutinin might be proteinaceous. Grenier (1991) also 

observed reduction of hemagglutination activity in the presence of D-glucosamine, EDTA or 

sodium salicylate. Mikx and Keulers (1992) observed a reduction of hemagglutination with 

sialic acid and postulated that the agglutinin might be a glycoprotein that recognized sialic acid 

as a receptor. 



1.3 -6.3. Invasion of host cell/tissue 

T. denticola was actually infirequently found to be intracellular in in vitro experiments 

(Olsen 1984, Ellen et al. 1994% de Filippo et al. 1995). Pan (1993) reported occasional 

observation of spirochete fkagments intracelldarly after PLE cells were Uifected with T. 

denricola. Most i? denticola, once internalized in PLE cells, were found to be without both PLE 

endosomal membrane and the treponemal outer membrane. He postulated that the PLE cells 

might have digested the treponeme outer membrane of the intemalized T. denticola (Pan 1994). 

Another Canadian group (Ellen et al. 1994% de Filippo et al. 1995) observed intemalization of T. 

denticoIa in HGF. They also observed no HGF endosomal membrane around intemalized 

spirochete. No follow up study, was carried out to describe how the internalization came about 

or why the intemalized spirochetes were without their outer-membrane. One possible 

explanation might be that the host digested the outer-membrane, or that the treponeme shedded 

its outer-membrane before invading into the host cell. Later, Keulers (1 9 9 3 ,  reported an attempt 

to study T. denticola invasion in an in vitro epidermis tissue culture mode1 using HSK on de- 

epidermized human dermis. He could not demonstrate invasion of spirochetes into the cornified 

epithelial ce11 layer. Keulers cornmented that the wrong epithelial ce11 might have been chosen 

for such an assay. The abundant cornification might simply have protected the epithelial ce11 

culture from invasion or infection by T. denticola. Although it has been widely postulated that T. 

denticola can invade periodontal tissues of humans, this postulate has yet to be clearly 

demonstrated. 

1.3.6.4. Damage to host celVtissue 

T. denricola's ability to damage eukaryotic cells or tissues of laboratory animals has been 



reported (Reijntjens et al. 1986, Ebersole et al. 1995). T. denticola can damage a variety of host 

cells, fiom hemolysis of red blood cells to abscess formation in an animal mode1 (Grenier 199 1, 

Ebersole et al. 1995). The effects of T. denticola on animal cells and tissue are summarized in 

Table 4.3. In brief, the treponeme can lyse red blood cells, detach epithelial cells or fibroblasts 

from their substratum in culture, cause cytoplasmic vacuolation, membrane blebs, rounding up of 

cells or failure in cell volume regulation, actin or cytoskeletal rearrangement, intercellular 

junctions breakdown etc. in v i ~ o .  It can also retard proliferation of cells and inhibit new protein 

synthesis (Boehringer et al. 1984, Hanks et al. 199 1, Table 4.3). T. denticola outer-membrane 

preparation was shown to be able to induce bone resorption of rat long-bone organ culture 

(Gopalsami et al. 1993). In animal models, increased vascular exudation and spreading of the 

spirochetes to other tissue compartments were also observed upon inoculation of T. denticola 

(Lindhe & Socransky 1979, Ebersole et al. 1995, Kesavalu et al. 1997, Table 4.3). The ability to 

induce cellular detachment by T. denticola appears to be related to proteolytic activities and 

viability of the spirochete. Heating and pre-treatrnent of the spirochete with protease inhibitors 

such as  PMSF or antibiotics such as metronidazole reduced the number of cells detached (Baehni 

et al. 1992). T. denticola was also reported to retard the proliferative response of fibroblasts and 

endothelial cells in culture both in the levels of DNA and protein synthesis (Taichman et al. 

1982, 1984, Hanks et al. 1991). Heating the T. denticola sonic extract attenuated the effect on 

fibroblasts but not on endothelial cells (Taichman et al. 1982, 1984, Table 4.3). 

1.3.6.5. Modulation of host defense 

Host defense against colonization by and deletenous ef5ects of penodontopathogens 

begins even before microorganisms anach to any oral surfaces (Marsh & Martin 1992). 



Examples are saliva and the various factors or molecules that c m  lyse, kill, prevent bacterial 

adherence or create an environment not favorable for bacteriai survival. The observation of a T. 

denticola protein binding lactofenin (Staggs et al. 1994) might be a strategy used by the 

spirochete to interfere with the host non-imrnunological salivary defense. They reported the 

identification of two distinct lactofemn-binding proteins of 50 kDa and 35 kDa from the T. 

denticola strain GM-1. The spirochete, however, did not associate with hurnan transfemn, 

another hoa  defense protein (Staggs et al. 1994). Recently, T. denticoia was reported to be able 

to interfere with host infiammatory response through activation or cleavage of the pro- 1 L- 1 p (3 1 

kDa) into the 17.5 kDa biological active IL-1 P (Beauséjour et al. 1997). This was the first report 

demonstrating that T. denikola could potentially activate inflammation cascade in addition to the 

widely reported direct deleterious effect on host tissues or cells. 

Regarding the effects of T. denticola on specific and non-specific cellular and humoral 

immune response, a number of investigations have been carried out (summarized in Table 4.4). 

T. denticola has been reported to be able to activate classical or alternative complement pathways 

(Schenkein & Berry 1991). Activated C3 appeared to be resistant to proteolytic degradation by 

the spirochete (Schenkein & Berry 1991). Regarding the interaction of the spirochete to innate 

irnrnunity of the host, i? denticola was shown to be able to activate strong PMN chernotaxis in a 

laboratory animal infection mode1 (Lindhe & Socransky 1979). Secondly, the spirochete, once 

opsonized, could be engulfed by PMNYs in aerobic and anaerobic environments (Taichman et ai. 

1982, Hurlen et al. 1984, Olsen et al. 1984). Many reports observed however, in vitro, that there 

were not much degrandation activities by the T. den~icoln engulfed PMN's and the digestion of 

intemaiized spirochetes appeared to be a slow process (Taichman et al. 1982, Hurlen et al. 1984, 

Boehringer et al. 1986) despite many such PMNs remaining viable and expressing increased 



oxygen consumption (Hurlen et al- 1984, Boehringer et al. 1986, Sela et al. 1988). It was also 

shown in one report that unpurified soluble T. denticoh extract inhibited PMN response (Hanks 

et al. 199 1, Table 4.4). 

The host adaptive immune responses are also modulated by T. denticola idection (Table 

4.4). It was shown that lymphocytes isolated from penodontally healthy or edentulous 

individuals did not react with strong blastogenic responses to T. denticola sonic extract (Patten 

et ai. 1980, Mangan et al. 1982, Suzuk i  et al. 1984). When the human lymphocytes were 

stimulated (e-g. by mitogens) a clear suppression of the blastogenic response by T. denticola 

sonic extract was observed, which was probably related to prostaglandin and HzOz in the Local 

environment (Taichman et al. 1982, Shenker ei al. 1984). When mouse lymphocytes were used, 

similar suppressive responses was observed when a sonic extract of T. denticoia ATCC 33520 

was applied (Ishihara 1988, Ishihara et al. 1992). A stimulatory response, on the contrary, was 

observed when a sonic extract of the spirochete strain ATCC 35405 was used (bhihara 1988, 

Ishihara et al. 1992, Takahashi et ai. 1996). Other T. deniicola strains, however, did not produce 

marked suppression or stimulatory response in murine lymphocytes (Ishihara 1988, Ishihara et 

al. 1992, Takahashi et ai. 1 996). 

Investigators went on to study the in vitro reaction of lymphocytes isolated from subjects 

suffering from different severities of periodontal diseases. A few studies reported that stimulated 

lymphocytes from LJP, G P  and AP subjects reacted sirnilady to that of normal individuals upon 

T. denticola challenge (Patters et al. 1980, Mangan et al. 1982, Suniki et al. 1984). When 

stimulated lymphocytes fiom severely periodontally affected individuals were studied, increased 

blastogenic response was observed after treatment with a sonic T. denticola extract (Patters et al. 

1980). Most investigations reported viability of lymphocytes to be maintained throughout the 



study. One other report aiso observed polyclonai B ce11 activation by an unpurified T. denticola 

outer membrane preparation (Takahashi et al. 1996, Table 4.4). 

Adaptive humoral immune responses against T. denticola in human subjects were also 

among the areas that have been widely studied. Different investigators seemed to corne up to 

more or less similar observations (Table 4.4). In general, healthy and edentulous individuals had 

law anti-T. denticola antibody titers in their peripherai blood (Steinberg et al. 1966, Steinberg & 

Genhoff 1968, Steinberg 1970, Jacob et al. 1982, Tew et al. 1985, Lai et al. 1986, Yotis et al. 

1995). Moderate to advanced adult penodontitis patients had hi& senun IgG and IgA titers 

against T. denticola (Jacob et al. 1982, Mangan et al. 1982, Tew et al. 1985, Lai et al. 1986). 

However, severely affected periodontitis patients were repeatedly reported to possess lowho 

immune titers against T. denticola (Steinberg & Gershoff 1968, Steinberg 1970, Tew et al. 1985, 

Gunsolley et al. 199 1, Table 4.4). It was oniy the senun sarnples from L P  patients where 

conflicting immune responses have been observed (Tew et al. 1985, Lai el al. 1986, Sasaki et al. 

1989). 

1.3.6.6. Synergism with other periodontopathogens 

The CO-existence between T. denticola and other penodontai organisms, and their 

relationship with clinical disease status had been another focus for investigations (Loesche 1993, 

Soder et al. 1993). Sirnonson and coworkers (1992) reported association between T. denticola 

and Porphyromonas gingivalis in hurnan subgingivai plaque samples in a multinational survey 

using ELISA techniques for bacterial detection. They postulated that the in vivo association 

between T. denticda and P. @ngivalis might be synergistic. Later, the same relationship or 

association of both bacteria was aiso observed from subjects with penodontal disease (Pederson 



er al. 1994, Riviere et al. 1996). 

These observations stimulated investigators to look for signs of synergism between T. 

denticola and other periodontopathogens Ni viîro. Table 4.5 sumrnarizes suc h investigations. 

Bacteroides forsyrhus and P. gingivalis formed the best coaggregation partners with T. denticola 

(Grenier 1992% Onagawa et al. 1994). Oral Fusobacterium strains were ais0 reported to 

coaggregate with T. denticola (Kolenbrander et al. 1995). The spirochete fusiforni coaggregation 

could be reversed by sugars like lactose or gdactosamine, while the B. forsythus-T. denticola and 

P. gingivalis FDC 3 8 1 -T. denticolu ATCC 3 3520 association could not be reversed by sugan, 

S e m ,  saliva, amino acids or EDTA (Yao et al. 1996, Onagawa el al. 1994). The P. gingivalis- 

T. denticola binding or coaggregation, however, appears to be strain-specific because P. 

gingivalis ATCC 33277-T. denticola GM-1 binding was s h o w  to be on the contrary affected by 

CO-incubation with diluted serurn or saliva and arginine (Yao et al. 1996). Kolenbrander and 

London (1993) in their review article summarized the relationship of T. denticola and other 

treponemes to their coaggregation partners in dental plaque (Figure 1.6). 

Periodontopathogens most likely do not adhere with each other without good reason. 

Several studies have shown that these organisrns produce factors that stimulate synergistic 

growth of each other. For example, P. gingivalis was reported to produce isobutyric acid and 

proteinaceous factor (> 50 kDa) which promoted T. denricola growth (Grenier 1992b, Nilius et 

al. 1993). In return, T. denticola was reported to produce succinic acid which was required by P. 

gingivalis (Grenier 1992b). The possibility of spirochetes such as T. denticola acting as a carrier 

of non-motile bacteria forms (To et al. 1978) including the periodontopathogenic CO-aggregation 

partners such as P. gingivalis or B. forsyfhus might be an add-on benefit for their synergistic 

relationship. Other late colonizers of dental plaque (Figure 1.6), were aiso found to be able to act 



synergistically with T. denticola in terms of growth stimulation. These include Prevutelkz 

intermedia, Eubacteriurn nodaturn, Veillonella parvula and Fusobacterium nucleatum (ter Steeg 

& Hoeven 1990). On the other hand, Staphylococcur aureus and Streptococcus mutans inhibited 

the growth of T. denticola have also been reported (Grenier 1996% Table 4.5). 

In sumrnary, T. denticola possesses the periodontopathogenic potential as per in vitro 

experiments, including colonization, invasion and host tissue destructive capabilities. Senun 

samples fiom individuals with different clinical periodontal disease presentation also 

demonstrated antibody reactivity depicting a previous T. denticola challenge. Together with the 

fact that the spirochete thrives synergistically with other major periodontopathogens in vitro, the 

concept that 7'. denticola codd act as a penodontopathogen in vivo is highly probable. 

1.3.7. Mechanisms of pathogenicity 

n i e  periodontopathoge~c potentials of 7'. denticola in terms of rnotiiity; ability of the 

whole spirochete to adhere; to invade or damage host cell/tissue; and modulation of host defense 

systems were reviewed and analyzed in the previous section (1.3.6.). In this section, attention 

will be given to surnmarize relevant individual T. denticola eIement(s) tested in vitro, which are 

postulated to be potentially of high virulence in vivo (Table 4.6). 

Much attention had been given to the detection, isolation and identification of enzymatic 

or biologically active components of T. denticola at biochemical or molecular levels (Table 4.7). 

T. denticola possess hydrolytic enzymes such as hyaluronidase and proteases, that could be used 

by the bacteria in degradation of extracellular matrix components and disruption of host tissue 

structure as many other pathogenic bacteria (Salyers & Whitt 1994). Proteases also provide 



bacteria with source of carbon and energy by breaking host polymers into usable amino acids etc. 

Proteolytic enzymes of T. denticola were widely studied (reviewed in Makinen & Makinen 

1996). In summary, T. denticola possess a well charactenzed 95 kDa CTLP, sometimes reported 

as 98-100 kDa doublet, which is the main true proteinase that is expressed on the T. denticoh 

O M  (Table 4.6). Other than native collagen type 1 or rhemazo brilliant blue elastin, the 95 kDa 

CTLP digested totaily or partly al1 native proteins or peptides tested: i) senun or interstitial 

proteins - serum albumin, fibrinogen, a,-antitrypsin, antichymotrypsin, a,-macroglobulin, 

antithrombin III, antiplasmin, cystatin, transfemn, IgG and I g A  (Uitto et al. 1988b, Grenier 

1990, 1996b), and ii) extracellular rnatrix proteins - fibronectin (ce11 associated or not), laminin, 

type IV collagen (Uitto et al. 1 988b, 1992, 1995, Grenier 1990). CTLP could also activate latent 

PMN, HGF or dental plaque collagenase (Sorsa et al. 1992, 1995) or induce PLE cells to secrete 

collagenase in vitro (Uitto et al. 1992). A pro-inflammation role of CTLP was also reported 

including hydrolysis of inactivated substance P and conversion of angiotensin 1 to angiotensin 11 

(Makinen et al. 1995b). Such proteinase could contribute, in vivo, significantly towards T. 

denricola survival and maintenance of the inflammation status in human diseased periodontal 

pockets. 

Another 30.4 kDa chymotrypsin-like enzyme of T. denticola had been studied (Arakawa 

& Kuramitsu 1995). The corresponding gene, prtB fiom i? denticola Type strain (ATCC 35405) 

has been cloned and characterized (Table 4.7). The enzyme inhibition profile of such 30.4 kDa 

protein ( P d )  is slightly diEerent from that of the 95 kDa CTLP. However, the protein 

degradation spectrum was shown to be much Iess for PrtB (Arakawa & Kuramitsu 1995). There 

is no evidence that PrtB is surface-exposed and there are no published reports that it has any role 

in penodontai disease pathogenicity. 



Other non-proteinase peptidase activities were also identified from T. denficola. niey 

included the arginyVlysyl oligopeptidase (OPase), e.g. 50-65 kDa protein in T. denticola strain 

ASLM or 78 kDa protein in T. denticolu Type strain (Makinen et al. 1990b); FALGPA-peptidase 

(a 62 kDa metallopeptidase, Makinen et al- 1992); endo-acting proline-specific endopeptidase 

(POPase, a 76 kDa protein, Makinen et al. 1994); proline iminopeptidase (PIPase, a 30.4 kDa 

protein, Makinen et al. 1996); and y-glutamyl transpeptidase (GGT, a 26 kDa protein, native 

oligomeric forrn of 213 kDa; suggested to be a metabolite transporting agent, Makùien & 

Makinen 1997). Partiaily characterized peptidases were aiso reported, such as PZ-PLGPA 

peptidase (Makinen et al. 1986); BANABapNA peptidases of 45 D a ,  and 69 kDa (Makinen et 

al. 1986, Ohta et. Al. 1986); fibrinolytic enzyme of 91-228 kDa (Rosen et al. 1994, 1995), or up 

to 1000 kDa (Nitzan et al. 1978), plus various other unspecified proteinases or peptidases fiom 

crude T. denticolu extract (Uitto et al. 1986, 1988% Makinen et al. 1990% Yoshida et al. 1990,. 

Aiternatively the T. denticola peptidases were classified as proline-specific peptidase (PSPase) 

including the FALGPA-peptidase, POPase, PZ-PLGPA peptidase and the PIPase (Makinen & 

Makinen 1996). The main function of these peptidases in vivo was suggested to be digestion of 

collagen fragments (by PSPase), or other host tissue peptides and the transportation of 

breakdown products into T. denticola cells (by  GGT) (Makinen & Makinen 1996). 

Makinen and CO-workers (1995b) also reported that the 95 kDa CTLP, together with 

POPase, and FALGPA-peptidase could degrade human bioactive peptides such as substance P, 

bradykinin, etc. This suggested that even though the non-proteinase peptidases could not digest 

host connective tissue proteins, they could contribute to the initiation andor substantiation of the 

chronic inflammation in the periodontal tissues in vivo. The 95 D a  CTLP, although it could not 

degrade collagen type 1 (Uitto et al. 1988a, 1992), was found to be able to activate latent HGF, 



PLE and dental plaque collagenases (Sorsa et ai. 1992, 1995, Table 4.6) leading to collagen 

degradation in vitro. The ability of 95 kDa CTLP to degrade host protease inhibitors was aiso 

reported (Uitto et al. 1988b, Grenier 1996b, Table 4.6). 

Other potentiaily pathogenic enzymes, isolated or detected f?om T. denticola, have aiso 

been reported. Included in the list are a 60 kDa phospholipase C (Chan et al. 1991), acid or 

neutral phosphatase (Norton Hughes & Yotis 1990), cysteine desulfhydrase (a 46 kDa protein 

demonstrating hemolysis, hernoxidation activities, H2S production ability; dso named hem0 

or cystaiysin, Chu & Holt 1994, Chu et al. 1997), and hyaluronglucosaminidase (HGase, 59 

protein, Scott et al. 1996, Table 4.6). 

ysin 

kDa 

Non-proteolytic or enzymatic T. denficola outer membrane proteins characterized so far 

have been mainly the major surface protein or Msp of 53/64 kDa, depending from what 

spirochete strain this was isolated (Weinberg & Holt 199 1, Haapasalo et al. 1992, Kokeguchi et 

al. 1994). The native Msp is an oligomeric form. Reports have indicted that the protein may be 

glycosylated or lipoprotein in nature (Weinberg & Holt 1991, Sela et al. 1997, Table 4.6). The 

biological activities of the Msp suggest its involvement in at tachent  of the spirochete to 

eukaryotic cells or extracellular matrix macromolecules (Tables 4.6, 4.7). A recent study h a .  

shown that partiaily purified 53 kDa protein (contaminated with a small arnount of CTLP) 

induced MMP-8, MMP-9, NGAL, elastase and cathepsin G release from PMN's @ing et al. 

1 996). Some AP patients possess IgG against the 53 kDa protein (Kokeguchi et al. 1994, Table 

4.6), indicating that this T. denficola protein might be immunogenic and might modulate host 

defense system. Intriguingly, T. denticola Msp was reported to be homologous to predicted 

products of a number of repetitive sequences present in the T. pallidum genome (Treponema 

pdlidum server, 16 June 1997 [http://utmmg.med.uth.tmc.edu~treponema/], Fenno et 



al. 1998a). The Msp and its related peptide family might play a key role in induction andor 

maintenance of the treponeme-host chronic idlarnmatory process. Fenno and coworkers had 

recently shown cytotoxic activity of T. denticola CTLP and Msp (Fenno et al. 1998a). A Later 

study by the same group reported possible structural interactions possibly in terms of transport 

and assembly of the two protiens on T. denticola OM (Fenno et al. 1998b). Other OM protein 

species of T. denticola studied include the 44 kDa hemin binding protein (Chu et al. 1994), 

which might play important role in enabling the spirochete to survive in the harsh and 

cornpetitive subgingival environment. Miscellaneous T. denticola proteins or biological 

activities studied so far have included the B-D-galactosidase activities fiom sonicated T. 

denticola extract, and probably an aspartate carbamoyItransferase (Suzuki & Watanabe 1988). 

The pathogenic potentid of T, denticola LPS or LPS-Iike materiais have also been 

studied. The LPS-like marerial could induce superoxide or H202 production (Sela et al. 1988), 

release of MMP-9 and NGAL fiom normal human PMNs @ing et al. 1996). However, the LPS- 

like materid was found to be minimally cytotoxic to PLE ce11 in vitro (Grenier & Uiao 1993). 

Grenier and Uitto (1993) studied the cytotoxic effect of T. denticola peptidoglycan and reported 

that this material readily killed the PLE cells tested. Later, the same group reported that T. 

denticola peptidoglycan triggered release of MMP-9 and NGAL fiom PMNs (Table 4.6). 

1.3.8. Summary 

The oral spirochete T. denlicola has been shown to have characteristics that could satisq 

four out of the five criteria of the modified Koch's postulates. The induction of periodontitis in 

animal models may, for the time being, be hard to determine due to various limitations. 

However, based on the accumulated evidence gathered so far, most researchers will identify T. 



deniicola be one of the periodontopathogens @ahle et al. 1993, Fenno and McBride 1998). 

1.4. Statement of the problem 

1.4.1. Hypothesis 

Treponerna denticola, a putative periodontopathogen, possesses virulence factor(s) or 

determinant(s) that could mediate its host-parasitidpathogenic relationship in human periodontal 

disease. 

1.4.2. Aim 

i) To investigate the cytopathic and/or cytotoxic effects of Treponema denticola on eukaryotic 

cells using a porcine junctional epithelial ce11 (PLE) modei, 

ii) To identiQ the "putative virulence factor(s)" in whole T. denticola that may contribute to the 

most readiiy observable event(s) in the bacterial-PLE ce11 interaction, 

iii) To characterize the "putative virulence factor(s)" of T. denikola by studying the 

corresponding eEects of those semi-purïfied, or purified native factor(s) on PLE cells, 

iv) To determine the probable ways by which the "virulent factor(s)" rnight cause such 

cytotoxic/cytopathic effect on PLE cells. 

1.5. Addendum 

A portion of the present investigation was published (Haapasaio et al. 1992, Egli et al. 

1993, Uiao et al. 1995, Leung et al. 1996, Mathers et al. 1996, Fenno et al. 1997, 1998). In 

order to put the results of this investigation in context with current available information, 

surnmary tables were made up (Tables 4.1 - 4.7) and were referred to as appropriate. Also note 



that a proportion of the Results, Discussion, Tables and Figures are taken directly (verbath) 

from the work published during the course of this investigation. 



Table 1.1 Components of extracellular matrix in periodontim (modified fkom Bartold 
1995). 

Fibrous: 

Ground substances: 

Growth factors: 

Glycoproteins and non-collagenous proteins 
fibronectin 
laminin 
vitronecth 
thrombospondin 
tenascin or cytotactin 
entactin (nidogen) 

Proteoglycans 
Extracelluar maûk proteoglycans 

versican 
decorin 

Ce11 surface proteoglycans 
syndecan 
g1 ypican 
betagl ycan 
CD-44 

GI ycosaminogi ycans 
hyaluronan 
heparan sulphate (GCT) 
dermatan sulphate (PDL) 
c hrondroitin sulphate 
keratan sulphate 

Lipids 
Mineral 
Water 

Fibroblast growth factors 
Transforming growth factors 
Platelet-denved gro wth factors 





Initial accumulation 
Dental plaque 
accumulation more 
extensive 

Figure 1.1 Penodontal disease manifestations. The components of the periodontium at the 
dentogingival junction with A) Early gingivitis: 1 week of plaque accumulation, B) Gingivitis: 2 
weeks of plaque accumulation, C) Chronic marginal gingivitis, D) Penodontitis. (From 
Williams et al. 1992) 



Figure 1.2 The local subgingival host response to microbial challenge. A) Acute bacterial 
challenge phase, B) Acute inflammatory response phase, C) Immune response phase, D) 
Regdation and resohtion phase. (From Koniman et al. 1997). 



Ging ivol 
con 

Perïodontal 
ligament 

Figure 1.3 The periodontium in health. A) Components of the periodontal ligament (From 
Berkovitz et d. 1995); B) Components of the periodontium at the dentogingival junction (From 
Williams et al. 1992). 



t ' ~~ i the l ia l  cells with 
Basal lamina desrnosornes and hem idesmosomes 

Figure 1.4 Schematic drawing of junctional epithelium. A) Organization of epithelium at the 
dentogingival junction (From Squier et al. 1975); B) Nature of the attachment between junctional 
epithelium and tooth surface (From Moss-Saientijn & Hendricks-Klyvert 1990). 



IMERNAL RAGELLUM 
INSE RTlON PORE OUTER SHEATH 
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MEMBRANE 
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CROSS SECTIONS , 

CYTOPLASMIC 
TUBULES 

Figure 1.5 Schernatic drawing of a treponeme. (From Hudson 199 1) 



Figure 1.6 Diagrammatic representation of inter-bacteriai relationships between Treponerna 
denticola/Treponerna species with other microbes in dental plaque. (From Kolenbrander & 
London, 1993). 



CHAPTER II Material and Methods 

2.1. Bacterial strains and culture conditions 

T. denticola ATCC 33520, ATCC 35404, ATCC 35405 and T. pectinovorum ATCC 

33768 were obtained f?om the Arnerican Type Culture Collection. T. denticola OTK was a gifk 

From Dr. Russell Johnson of the University of Minnesota. Al1 strains were grown anaerobically 

in NOS broth (Leschine & Canale-Parola, 1980) or NOS broth supplemented with 0.3% pectin 

(Weber & Canale-Parola 1984). Purity of the cultures was checked regularly during weekly 

transfer by phase-contrat rnicroscopy. Spirochetes of 3-5 days-old were used for experirnents. If 

indicated, T. denticola cultures were subjected to various physical, chernical or antibody 

pretreatment before the experiments. For the pretreatment experiments and the inhibition studies, 

washed T. denticola samples were pretreated with one of the following for 1 h, 4°C before 

addition to PLEEPLE: 0.1-2mM PMSF; 0.3-2mM TPCK; 0.1-2mM TLCK; FBS; BSA; 

fibruiogen; fibronectin; anti-T. denticolu s e d g G ;  anti-Msp s e d g G ;  anti-CïLP s e r d g û ;  

anti-rMsp IgG; control/pre-immune rabbit senim/IgG. Protease inhibitors were removed before 

adherence assays by repeated washing of the treated spirochetes in PBS. Paraliel untreated T. 

denticola samples were subjected to identical incubation and washing condition. SAAPNA 

activities of the samples, were monitored before and after treatment. 

In some occasions, the particulate Fraction of T. denticola was used and this was obtained 

as follows. The spirochete cells were disrupted in 20mM Tris b&er (pH 8.0) by ultrasonication 

(3-min pulse sonication at 20% duty cycle, output of 20 using a Sonifier cell Disrupter 350; 

Branson Sonic Power Co., Danbury, CT). Unbroken cells were removed by centrifugation 

(8,000 x g, 10 min). The supernatant was centrifüged again at 16,000 x g for 10 min, and the 



upper, Iighter-colored, area of the pellet was carefully collected, washed twice, and used for the 

experiments as the particdate hction. 

2.2. Cell culture/ceIi tines and culture conditions 

Ce11 cultures used and their corresponding growth conditions were as listed in Table 2.1. 

Al1 ce11 cultures were rnaintained in a humidified, 5% COI atrnosphere at 37OC. HGF and PLE 

cells between the fifth and tenth passages were used for experiments. The ce11 cultures were 

plated and maintained in wells of 8-well chamber slides (Nunc, N a p e ~ i i e ,  IL) to predetennined 

confluence level(30% or 95%) for morphometrïc, irnrnunofluorescence and rnicroscopic studies. 

For ELISA experiments, LDH, MTT, thymidine uptake, vacuolation and trypan blue uptake 

assays, the cells were plated ont0 wells of 96-well flat bottom tissue culture plates (Falcon NJ). 

The cells were plated at approxirnately 10,000 cells per well (counting performed using Coulter 

Counter, Coulter Electronic Inc., Hialeah, FL). When the cells were at an early confluent stage, 

they were washed once with plain culture medium before assays. For some T. denticola or T. 

denticola outer membrane protein attachment experiments, the cells were fixed with 

glutarddehyde. The cells on chamber slides or 96 well plates were fixed with glutaraldehyde as 

described by Stanislawski and CO-workers (1985). In brief, monolayers of ce11 cultures were 

washed &ce in PBSt and fixed with 0.25% glutaraldehyde in PBS+, 10 min, room temperature 

followed by 3 times wash with PBS+. The free aldehyde groups on the fixed cells were blocked 

with 0.1% BSA in 0.2M glycine 30 min, room temperature, then 1% BSA PBS+, 30 min, room 

temperature. The fixed cells were then ready for attachment assays to be conducted within 4 

hours post-fixation. 



2.3. Cytopathic assays 

In general, T. denricola induced PLE cytopathic changes were assayed using PLE cells on 

chamber slides. T. denticoh suspensions of various concentrations, were used to challenge the 

PLE cells for a predetermined period of tirne. This protocol was also applied for some of the 

cytotoxic assays. 

2.3.1. Morphometnc study 

T. denricola treated PLE cells were washed (PBS, 37°C) fixed (3.3% formaldehyde in 

0.9% W/V NaCl, pH 7.3, at 37OC, 20 min) and stained with May-Grünwald and Giemsa stains as 

described by Sedgley et al. (1996). In brief, the k e d  PLE cells were stained with May- 

Grünwald stain (E. Merck, Darmstadt, Germany) diluted 1:2 in PBS, 5 min, then Giemsa stain 

(Merck) diluted 1 :3 in PBS for 20 min followed by soaking in PBS for 10 min. After staining, 

the preparations were air dned and then mounted with Permount (Fisher Scientific, NJ). The 

May-Grünwald and Giemsa stained slides were examined microscopically under x 40 

magnification (Axioplan, Zeiss, Germany) with a scanning stage, a video camera (DXC-930P, 

Sony 3CCD, Japan) and image analyzer system (IBAS, Kontron, Germany). The image 

displayed on the rnonitor represents a field of 165 x 247.5 The settings of the image 

analysis software were designed to perform a systematic sampling of the specimen on the 

charnber slide. The first sample site was randomly selected at the upper left hand corner of the 

specimen, approximately 1.5 mm away £Yom the margins. Once the first sample site was 

d e t e d n e d  the whole preparation was scanned/sampled systematically using pre-determined 

regular spacing (in the present setting, 4 x 5 fields per well of the chamber-side). In brief, d e r  

the fust sample site was measured, the microscope stage automatically moved to the next 



predetermined position until 20 fields were measured. The stage was programmed to move 

dong the x-axis at an interval of 6 fields (1.5 mm) and dong the y-axis at an interval of 7 fields 

(1 -2 mm). Four wells on the chamber slide were prepared for the same test, i.e. 80 systematic 

fields were measured per experimental condition. Each experiment was repeated at least 3 times. 

The morphometric analysis was carried out as the followings. The system made use of 

differences in greyness of the Mages captured so that various parameters could be measured. In 

brief, at the start of the experîment, &er lighting adjustment and then proper greyness cut-off 

selected, the machine was ready for measurement automatically. Due to the differential up-take 

of stains for the ce11 nucleus versus cytoplasm, both cell number and ce11 area could be measured 

sirnultaneously, using a higher grey level cut-off for ce11 count (equals to number of nuclei 

stained) and a lower grey level cut-off for cell area or confluence (area on substratum covered by 

cells). Mean ce11 size was also measured. For the sake of objectivity, the total count of the 

nuclei was taken as the exact ce11 number without taking into consideration some cells which 

might be o d y  partially included in the selected field. Al1 measurements were carried out 

automatically by the IBAS system as pre-set; with only supervision of smooth running of the 

recording. 

2.3 -2. Vacuolation assay 

After the spirochetes' challenge to PLE, the vacuolation induced, if any, was detected as 

descnbed by Cover et al. (1991). The treated PLE were washed once with warm (37°C) sterile 

PBS and then stained with neutral red: A stock solution of 0.5% purified grade neutrai red 

(Sigma, St. Louis, MO) was prepared in 0.9% saline and filtered. Staining solutions were 

prepared before each experiment by diluting the stock solution 1 : 10 in 10% FBS-amM. 200 pl 



of staining solution was added into each well of the chamber slide for 4 min. The cells were 

washed twice with 300 pl of 0.9% saline per well and then fixed, air dried and mounted for 

differential counting under an IBAS Mage analysis system as described previously in section 

2.3.1. The only variation to the methodology was that the quantification of vacuolation had to be 

perfonned semi-automatically with a recorder reading fkom the monitor. PLE ce11 specimens 

treated with T. denticda under identical conditions were stained with May-Grünwald and 

Giemsa stains for mean count per microscopic field measurement. 

2.3.3. Other assays 

Other T. denlicoia induced effects on ce11 cultures, including blebbing and cytoskeletd 

re-arrangements, were investigated using immunofluorescence rnicroscopy, SEM, May- 

Grünwdd and Giemsa stains followed by quantiQing image analysis. Immunofluoresence 

microscopic study of T. denticola whole ce11 or Msp complex induced actin remangement in ce11 

culture was carried out as described in section 2.4.1. SEM ultrastructural assay on the effect of 

T. denticola on ceil culture was studied as described in the later section 2.7.1. The number of 

attached cells showing blebbing was rneasured either by differential rnicroscopic counting of 

fluorescence labeled ce11 preparations or by quantifihg image analysis using the IBAS system. 

May-Grünwald and Giemsa stains, stained the blebs on the eukaryotic cells more intensely. 

Basically, the sarne procedures descrïbed in section 2.3.1. were used to quantifi blebbing. The 

amount of cells with blebbing was rneasured semi-automaticaily with a recorder reading the 

blebbed ce11 count fiom the B A S  system monitor, whiie counts of cells per rnicroscopic field 

was performed as described previously in section 2.3.1. 



2.4. Adhesion assays 

2.4.1. Immunofluoresence microscopy 

The cells grown in 8-well chamber siides, viable or fixed, were washed once with plain 

growth medium and mixed with 0.2 mL. of T. denficola suspended in the same medium. The 

mixture was incubated at 37°C in an atmosphere of air and 5% CO2. Controls consisted of PLE 

exposed to the same medium that was used to suspend the spirochetes. 

Preparation of samples for fluorescence microscopy was done as follows: afier a 

predetermined tirne-period of challenge by T. denticola, the ce11 cultures were washed twice with 

culture medium without senun and antibiotic, fixed with 3% formaidehyde - 0.05% 

glutaraldehyde - PBS, pH 7.3 for 30 min and washed twice with PBS. The cells were then 

permeablized by 0.2% saponin (Sigma, St. Louis, MO) in PBS for 20 min, blocked by 0.5 

mg/mL sodium borohydnde (Fisher Scientific, NJ) in 0.2% saponin-PBS for 20 min, foilowed by 

blocking with 3% BSA (Sigma, St. Louis, MO). Double-labeling for T. denticola and actin was 

performed by treittùig the sampies first with anti-whole T. denficola antibody (1:3000) and then 

with goat anti-rabbit IgG-FITC (1:200) mixed with 5 units/mL of rhodamine phalloidin 

(Molecular Probes, Eugene, OR). The specimens were rinsed in PBS, then mounted in 10% 

(w/v) DlQBCO (Sigma, St. Louis, MO)-0.02% (w/v) sodium azide (Fisher, Scientific NJ) in 1: 1 

PBS-glyceroi, and then examined with a confocal laser scanning microscope (LSM, Zeiss). 

Experiments were carried out in quadriplicate and were repeated in 3-4 independent occasions. 

The T. denticola - PLE cells adhesion data obtained were analyzed with Langmuir 

isotherms, Scatchard plots and Hill plots as described previously (Gibbons et al. 1976, Dahlquist 

1978, Moms & McBride 1984). In brief, the mode1 assumes that there are a finite number of 

identicai sites for attachrnent per unit PLE ce11 area and the adhesion process is reversible. Then 



the following equation could be drawn at attachment equilibrium: 

Where C = concentration of fiee cells at equilibriurn, N = are the maximum number of receptor 

or binding sites per PLE cell, and Q = the number of T. denticola adsorbed on to the PLE 

monolayer, K = proportional constant. Hill coefficients for the attachment experirnents were 

then calculated as per Moms and McBride (1984). In case of a single non-interacting site, the 

Hill coefficient is unity. For positive or negative cooperativity in ligand binding, the Hill 

coefficient will be > 1 or c l  respectively (Dahlquist 1978). 

2 - 4 2  ELISA 

Alternatively, attachment of T. denticola or T. denticola proteins to cell monolayen was 

assayed by an ELISA method. The bacteridmaterial with or without various physical, chernical 

or antibody pretreatment were appropnately suspended at various concentrations before being 

added to the ce11 culture. 200 pL of T. denticola cells or outer membrane protein suspensions in 

PBS were added to the wells of the microtiter plate. Following a predetermined duration of 

incubation at 37"C, room temperature or 4"C, the wells were rinsed twice with 0.05% Tween 20 

PBS and once with PBS. T. denticola whole ce11 antiserum (1:3000 in 1% BSA-PBS) was added 

to the wells then incubated for 1 h, room temperature, and rinsed as above. Goat-anti-rabbit 

antibody conjugated to alkaiine phosphatase (1:3000; Bethesda Research Laboratorîes) in 1% 

BSA-PBS was added to the wells and let incubate for 1 h at room temperature. Color formation 

of the chromogenic substrate for alkaiine phosphatase @NPP, Sigma ~ a s t ~ ~  kit, Sigma, St. 



Louis, MO) was monitored at 405 nrn using a microplate reader (BioRad, Model 3550). 

Attachment of PLE to the well afler the treatment was assayed using an Olympics CK2 inverted 

microscope. 

2.5. Cytotoxicity assays 

2.5-1. MTT 

Viability, or the microculture tetrazolium assay (MTT assay), on the effect of T denticola 

towards various eukaryotic cells were carried out as described by Mosmann (1983) using 3-(4,5- 

dimethylthiazol-2-y1)-2,s-diphenyl tetrazolium bromide (MTT, Sigma, St. Louis, MO). In brief, 

ce11 lines or explants on 96-well plates were challenged with 100 pL T. denticola, pre-treated or 

not, in appropriate dilutions (in culture media fiee of phenol red and antibiotics but with 1% 

FBS; in the case of HGF, also without ascorbic acid) were added ont0 designated wells and let 

incubate for 24 h, at 37"C, 5% CO, in air. Aftenvards, MTT fieshly dissolved in PBS at 5 

mg/mL was filter-stenlized and then 10 pL was added to the wells and incubated at 37°C for 2 - 

4 h. 150 pL of acidified sodium dodecyl sulphate (SDS) dimethyl formamide solution(20% SDS 

in 50% dimethyl formamide pH to 4.7 with acetic acid) was added to al1 wells and mixed 

thoroughly to dissolve any dark blue formazan crystals formed. The plate was then read using a 

microplate reader (BioRad Model 3550) at 595 nm. The percentage viability of the cells after T. 

denticda challenge was computed using the following equation: 

with CB = ce11 blank; CS = ce11 spontaneous MTT reduction; E = experimental MTT reduction; 



EC = effector (T. denficola) M ï T  reduction control; Ml3 = medium bIank. 

3.5.2. LDH 

Cytotoxicity of T. denticola and T. denficola components toward cultured cells were 

quantified by measuring release of the cytosolic enzyme lactate dehydrogenase (LDH) in culture 

supematants (Korzeniewski and Callewaert 1983) using the CytoTox 96TM kit (Promega, 

Madison, Wi). Confluent ce11 cultures in 96-well plates were washed in growth media lacking 

FBS and antibiotics, bathed in growth media lacking FBS, antibiotics, and phenol red, then 

challenged with T. denticola preparations in tissue culture media or PBS. M e r  challenge, 50 pL 

of the supematant was transferred to a fkesh 96-well plate, followed by detection of the LDH 

activity according to manufacturer's protocol. Absorbance at 490 nm of each well was 

deterrnined using a BioRad Mode1 3550 microplate reader, and compared to positive Iysis 

control (supplied by the manufacturer) and a negative Iysis control (saline or growth media 

Iacking FBS, antibiotics, and phenol red). Cultures were also inspected microscopically before 

and d e r  challenge. The ability of various compounds and antibody pre-treatments in inhibiting 

cytotoxic effects of T. denticola and T. denticola proteins was tested as descnbed in the previous 

section (2.1 .). 

2.5.3. Trypan blue dye exclusion 

Viability of PLE cells under the influence of T. denticola was measured by trypan blue 

exclusion as descnbed by Martin and Clynes (1993). Afier the spirochetes' challenge, the 

detached PLE cells in the 20 pL T. denticda-PLE interaction supematant was mixed with 40 pL 

of filtered trypan blue solution in PBS (0.4%, w/v, Gibco) in a microcentrifuge tube. Mer 5 - 15 



minutes, the detached PLE cells were differentially counted under wet rnount using a 

hemocytorneter (Neubauer Improved, Germany) for colored ("non-vital") and dye-excluding 

("viable") cells. 300 - 500 cells per preparation were counted. The PLE cells remaining attached 

to the chamber slide were stained as follows: the preparation was washed once with warm (37OC) 

PBS pH 7.3, stained with filtered 0.1% trypan blue solution in PBS 5 - 15 min at room 

temperature, briefly nnsed with distilled water and then air dried and permanently mounted for 

differential counting under the IBAS image analyzing system (Kontron, Germany). PLE ceil 

specimens treated with T. denticdu under identical conditions were stained with May-Grünwald 

and Giemsa stains for mean count per rnicroscopic field measurement. 

2.5.4. Detachment assay 

Detachment of PLE cells or other ce11 cultures was studied indirectly by morphometric 

image analysis as per section 2.3.1, or crystal violet dye elution (Kueng et al. 1989, Scragg & 

Ferreira 1991). In brief, ce11 lines or explants were plated ont0 96-well plates (Falcon) at 

approximately 10,000 cells per well. When the cells were confluent, they were washed once with 

plain culture medium. Next, 100 pL T. denticda in appropriate dilutions (in full strength culture 

media free of phenol red and antibiotics) were added ont0 designated wells and incubated for 24 

h at 37OC, 5% CO, in air. Afterwards, the culture supernatant (T. denticda and detached cells) 

were removed, the wells were rinsed with 200 pL warm (37°C) PBS/well, fixed with 2% 

glutaraldehyde in PBS, 20 min, air-dried, and stained with 100 pL 0.25% (wh) filtered aqueous 

crystal violet in 0.2 M 2-[N-Morpholino]ethanesuifonic acid, pH 6.0 for 20 minutes. Plates were 

then rinsed 4 times in distilled water and air-dned at 37°C overnight. When dry, 100 pL/well of 

10% glacial acetic acid (dv) was added with repeated pipetting to dissolve the contents of each 



well. The percentage proportion of PLE cells detachment was then estimated by quantification 

of the amount of crystal violet dye eluted from test versus control wells using a microplate reader 

(BioRad, Mode1 3550) at 590 nm. The percentage detachment of the cells afler T. denticola 

challenge was computed using the following equation: 

detachment = C-E x108/o 
C-CB-MB 

When C = untreated control; CB = ce11 blank; E = experimental; MB = medium blank. 

2.5.5. Thymidine uptake 

T. denticola induced PLE ce11 proliferation was studied as per Putnins (1995). The PLE 

cells were seeded at a density of 7.5 x 10' cel~cm' on 96-well tissue culture plate. The cells 

were cultured in 15% FBS-aMEMS for 1 - 3 days until 50% confluent and sequentially cultured 

for 2 days in 1% FBS-aMEMS to bring the cells to quiescence. T. denticola at v q i n g  

concentrations in 1% FBS-aMEMS was added to cultures. Escherichia coli Iipopolysaccharide 

(L-2880; Sigma, St. Louis, MO) was included in the experiment as a positive control(l0 &ml). 

After 15 hours incubation with T. denticola, 10 pCi/ml of : H - thymidine (specific activity - 2.0 

Ci/rnrnol, ICN Biomedicals, Mississauga, Ontario) was added for 24 h. The cells were washed 

twice with PBS, detached fiom culture plated with 10 x trypsin-EDTA (Gibco Laboratories, 

Grand Island, NY), lysed with distilled water and then the DNA collected with a ce11 harvester 

(Mini-MASH II; Whittaker Bioproducts Inc., Wallcerville, MD) onto g l a s  microfibre filters 

934/AH (Whatman, Maidstone, England). The filters were dried and tritiated-thymidine 

incorporation was subsequently rneasured with a liquid scintillation counter (MacNeil et al. 

1986). 



The PLE ce11 proliferation was computed as follows: 

3 

I 
H - thymidine uptake = E - EC - MB 

when E = experimentaf : H - thymidine uptake; EC = effector (T. dentkola): H - thymidine 

uptake control; Ml3 = medium blank. 

Apoptosis assays 

TUNEL 

T. denticola induced PLE cells apoptosis was studied using an in situ ce11 death detection 

kit (Boehringer Mannheim Biochemicals, IN). The recommended protocol for adherent cells 

was followed. In brief, the spirochete treated PLE cells were washed, fixed and then blocked by 

0.3% H202 in methanol against endogenous peroxidase, 30 min, room temperature. After rinsing, 

the preparations were trypsinized by wami (37°C) 0.05% trypsin (Sigma, St. Louis, MO) in 0.7 

mM CaCl, - 50 mM Tris buffered saline (pH 7.4) 20 min 37°C. The preparations were washed 

with PBS and TUNEL reaction mixture was added for 60 min, 37°C and then washed again. 

Anti-fluorescein antibody conjugated with horse-radish peroxidase was added, incubated at 37"C, 

30 min, followed by DAB substrate solution for 5 - 20 min, room temperature. When optimum 

color was developed, the sarnples were lightly counter-stained with haematoxilin, before 

dehydration and mounting. The apoptotic cells showing positive TUNEL (darker stained) were 

quantified using the IBAS image andysis system. 

2.5.6.2. TEM 

Apoptosis of PLE cells was also studied using TEM. PLE cells challenged by T. 



denticola cells or proteins were processed and examined as described in section 2.7.2.2. Specid 

attention was paid to observing presence or absence of PLE cellular changes that are suggestive 

of apoptosis such as described in Figure 3.15. 

2.6. Screening for protease activities 

Proteolytic activities of T. denticola strains or T. deniicola protein extracts were 

examined using substrate gel zymography or chromogenic substrate microplate assay. 

2.6.1. Zymography 

Proteinase substrate zymography was camïed out as descnbed previously (Heussen & 

Dowdle 1980, Kelleher & Juliano 1984). BSA or gelatin were either covalently bound to linear 

polyacrylamide (Kelleher & Juliano 1984, Uitto et al. 1988) or simply added into the 

polyacrylamide mixture (Heussen & Dowdle 1980). Slab gel electrophoresis was carried out as 

descnbed in the following section 2.10.1. The slab gel was cast with protein-conjugated 

acrylamide or with protein in acrylamide to the f d  concentration of 0.1 rng/ml. Before loading 

the protein samples onto gel, the samples in SDS-sample b a e r  were incubated for 30 min at 

37°C. AAer electrophoresis, the gels were gently shaken for 30 - 60 min in 2% Triton X-100-0.1 

M Tris bufEer, pH 7.0 to remove the SDS. Gels were then incubated at 3 7°C for 2 h in 50 rnM L- 

cysteine-0.1 M Tns, pH 7.0 to allow the enzymatic degradation of the conjugated protein 

substrates. The gel was then stained with Coomassie brilliant blue. M e r  the gel was destained, 

the presence of proteolytic activity was visualized as a clear band against a blue background. The 

percentage of acrylamide used was dependent on the rnolecular weight of the protease 

investigated. 



2.6.2. SAAPNA assay 

Hydrolysis of SAAPNA was deterrnined by incubating samples at 3PC with the 

chromogenic substrate (fmal concentration, 2 mM) in 2 rnM DTT-50 mM Tris, pH 7.2. Enzyme 

activity was deterrnined by measuring absorbance at 405 nrn using a microplate reader (BioRad, 

Mode1 3550) after incubation (Grenier et al. 1990). 

2.7. Ultrasîructural assays 

Ultrastructural microscopie assays were cmied out to study the ultrastructure of T. 

denficola whole ce11 and outer membrane preparations. Sirnilar protocols were also employed to 

study the effects of T. denficola whole ce11 or proteins on eukaryotic cells in culture. 

2.7.1. Scanning electron rnicroscopy 

PLE cells grown on coverslips or polycarbonate membranes were used for the study. 

After bactenallbacterial protein challenge, the cells were rinsed in PBS, 37°C and then fixed with 

2.5% glutaraldehyde in PBS at 4°C for 16 h. and processed by the tannic acid technique of 

Katsumoto et al. (1 98 1). Specimens were DC-sputtered with 15-20 nm gold in an Edwards 

coating unit (Gibco, BRL), and exarnined using a Cambridge S tereoscan microscope 

(Cambridge, U.K.). 

2.7.2. Electron microscopy 

2.7.2.1. Negative staining 

A negative staining technique was used to study the ultrastructure of T. denricola outer 

sheath. Twenty rnilliliters of 3-day-old cultures of T. denricola ATCC 35405 kvas  harvested and 



washed 2 times by PBS, 4°C. The washed ce11 pellet was suspended in PBS and subjected to 

mild ultrasonication (1-min pulse sonication at 20% duty cycle and output of 2 with a Sonifier 

ce11 Dismpter 350 (Branson Sonic Power Co., Danbury, Corn.). M e r  sonication, the suspension 

was diluted with PBS to an OD at 660 nm of 0.2 and applied to a Parlodion film-covered, 

carbon-stabilized copper grid. Routine negative çtaining was carried out with 4% uranyl acetate, 

pH 4.5, 2 minutes (Masuda & Kawata 1982). Specimens were examined using a Philips 300 

electron microscope operating at 60 or 80 kV. 

2.7.2.2. Ultra-thin sectioning 

PLE cells grown on polycarbonate füters (Falcon) for 5 - 7 days in 15% FBS-aMEMS 

were challenged by T. denticoia whole cells or Msp complex in 1% FBS-aMEM for 

predeterxnined penods. The specimens were processed as outlined by Reynolds (1963). In brief, 

the preparation was rinsed with warm (37°C) PBS and then fuced with 2.5% glutaraldehyde in 

Sorensen's phosphate buffer, pH 7.2, 4OC for 16 h and post-fixed sequentially in aiternate 1% 

osmium tetroxide and 2% thiocarbohydrazide in Sorensen's buffer, 20 min each, stained in a 

block by 1% aqueous uranyl acetate, 4 min, and then dehydrated. The dehydrated specimens 

were infiltrated with Epon-Araldite resin (Polyscience) polymerized at 55°C for 3 days. Ultra- 

thin sections were then cut and put ont0 200 mesh gnds, stained sequentially with saturated 

uranyl acetate and lead citrate. The samples were examined in a JEOL JEM 100 SX electron 

microscope (Japan) at 60 kV. 

2.7.2.3. On-grid irnmunogold labeling 

On-yid immunogold labeling was carried out for T. denticola whole ce11 or outer sheath 



preparations or PLE cell sections after treatment by the spirochete. Fixed T. denticola whole 

cells or PLE cells on polycarbonate filters were embedded into LR-Gold resin (Ted Pella, CA) 

according to the manufacturer's instructions. In brie& the dehydrated specimen was infxltrated 

with increasing concentrations of LR-Gold preparation and then the specimens in LR-Gold- 

catalyst mi-e were polymerized by ZN as per manufacturer's instructions at -25°C. The 

sections were placed on Parlodion-coated nickel grids and dried at room temperature. After 

quenching the residuai aldehyde moIecules with 0.5 M NH,Cl, the samples were blocked with 

0.05% Tween 20-1% goat s e m - 5 0  m M  Tris (pH 7.2). Serial dilutions at 120  to 1500 of 

primary antibody, i.e. either anti-whote T. denticola IgG or anti-ir denticola 53 kDa protein IgG, 

were added overnight at 4"C, followed by gold conjugated goat anti-rabbit antiserum at 1 5 0  for 

8 h. The specimens were counter-stained by uranyl acetate-lead citrate method (Newman 1989). 

Single or double immunostaining techniques were used to study the location of the 

surface proteins on T. denticola. In brief, whole or sonicated T. denficola preparations were 

applied to Parlodion film covered, carbon-stabilized copper grid. The location of target protein 

on whole T. denticola or isolated sheaths of T. denticola was studied by immunoelectron 

microscopy. Bactend preparations were washed, incubated for 1 h, 20°C with primary antibody 

(1 2 0  or 1 :50), followed by secondary antibody (1 50)  for 1 h, 20°C. Bound antibodies were 

detected with goat anti-rabbit antibody and/or goat anti-mouse antibody conjugated to gold 

particles (5 nrn or 10 MI respectively, Sigma). M e r  being washed, the grids were negatively 

stained with 4% uranyl acetate and studied by transmission electron microscopy (Philips 300) at 

60 kV. 



2.8. Preparation of T. denticda proteins 

2.8.1. Detergent extraction 

T. denticoh proteh detergent extraction was carrïed out as follows. Freshly cultured 

spirochete cells were incubated in 20 mM Tris buffer (pH 8.0) in the presence of a variety of 

anionic and nonionic detergents: 1 % NP40 (Sigma), 0.1 % Triton X- 100 (Sigma), 0.00 1 to 0.5% 

SDS (Sigma), 0.1 M n-octyl-P-D-glucopyranoside (Sigma), 0.5% CHAPS (sigma), 0.5% 

Zwittergent 3-12 and 3- 16 (Calbiochem, CA), 10 rnM deoxycholate (Sigma). The cells were 

gently shaken with the detergents at 20°C, 30 min and centnfuged (16,000 x g, 10 min.). The 

supematant and the pellet were analyzed by SDS-PAGE. 

Large scale detergent extraction of T. dentico[a protein was carried out as follows. Up to 

60-liter cultures (approx. 1.5 - 2 g wet weight spirochete per Liter) of T. denticola cells fiom the 

late-logarithmic-phase growth were harvested by centrifugation at 5,000 x g, 1 h. at 4°C. The 

cells were washed mice with PBS and then once with ddH,O. NP40 was added to the 

spirochete suspension to a final concentration of O. 1%. The mixture was stirred gently ovemight 

at 4°C. The undissolved material was pelleted by centrifugation at 10,000 x g, 45 min. at 4°C. 

Tris-NaCl-SDS buffer was added to the supematant to a final concentration of 50 mM Tris-0.2 M 

NaCI-3.5 mM SDS, pH 7.5. The mixture was incubated in a 37°C water bath for 2 h. for 

autoproteolysis. Afier autoproteolysis, the solution was centrifùged at 10,000 x g for 45 min at 

4°C. The supernatant obtained was concentrated at 4°C to approx. 5 rnL by Amicon 

ultrafiltration with an XM 50 filter. The specirnen was then dialyzed against 10 rnM Tris (pH 

7.5). The protein without the detergent precipitated inside the dialysis bag. The precipitate was 

pelleted by centrifugation at 10,000 x g for 45 min at 4"C, washed once with ddHZO, and then 

redissolved in detergent and subjected to FPLC. 



Extraction of Msp and CTLP was also carried out using Triton X-114 extraction and 

phase partitioning as described for T. pallidum (Cunningham et al. 1988) with slight 

modifications. Treponemes were harvested by centriiùge at 10,000 x g (10 min, 4"C), washed in 

Tris-buffered saline, then suspended in 1/40 volume of 1% Triton X-114-2 mM EDTA-1 mM 

DTT-20 mM Tris (pH 7.9, and stirred gently ovemight at 4°C. Detergent-extracted cells were 

centrifuged at 17,000 x g for 10 min at 4°C. The supematant, enriched for outer membrane 

components, was wamed to 37°C and incubated for 10 min, then centrifuged at 2,000 x g for 10 

min to separate the detergent and aqueous phases. Aqueous and detergent phases were chilled to 

4°C and re-extracted by adding 10% Triton X- 1 14 or detergent-free buffer, respectively, followed 

by phase separation as descnbed above. 

2.8.2. Preparation of Msp complex 

Extraction of Msp complex fiom T. denticola was performed partly according to steps 

laid out in section 2.8.1, with minor modifications. Al1 procedures were carried out at 4°C unless 

otherwise specified. The cells, a i e r  harvesting and washing, were resuspended in 0.1% 

deoxycholate-l mM DTT-2 mM EDTA-20 mM Tris (pH 7.5) at 0.2-0.3 g spirochete per mL. 

The mixture was stirred gently ovemight, and undissolved material was collected by 

centrifugation at 200,000 x g, 45 min. The deoxycholate extraction was repeated twice. The 

pellet was then suspended in the same volume of 1% Octyl-POE (Bachem, PA)-IO mM Tris, pH 

8.0 and stirred gently overnight. The Octyl-POE extraction supematant enriched for Msp was 

collected after centrifugation at 200,000 x g, 45 min at 25OC. The solution was then filter- 

sterilized followed by incubation at 37°C for 24-48 h until proteinase activity couid no longer be 

detected with anti-95 kDa CTLP IgG and SAAPNA assay. The protein solution was then 



concentrated approximately 30-fold by Amicon ultrafiltration with an XM 50 filter. Detergent 

was removed nom the concentrated protein solution by passing 3.5 L of 10 mM Tris (pH 8.0) 

through the Amicon unit. The solubilized Msp with the detergent washed out precipitated inside 

the Amicon unit. The precipitate was then washed three times with ddH20 and twice with 

Ringer's solution (pH 7.4) or 10 mM Tris (pH 8.0) and centrïfbged at 200,000 x g for 2 h. at 

25°C to remove any possible traces of detergent. The washed Msp complex, in a small volume 

of buffer, was mildly ultrasonicated with a ultrasonic processor W C ;  5-min pulse sonication at 

20% duty cycle and output of 2; Heat Systems Inc., NY) before use in assays. 

2.9. Purification of native Msp and Msp monomer 

2.9.1. FPLC 

Native T. denticola Msp was prepared as described in the following. An NP-40 extract of 

T. denticola protein was passed through a 0.45 p m  filter and then purified by anion-exchange 

chromatography on a Mono Q (HR 6 )  column equilibrated with 1% NP-40 in 20 m M  Tris (pH 

7.4). The bound proteins were eluted with a 0-2 M NaCl linear gradient in the buffer described 

above. The eluted fractions were M e r  analyzed by SDS-PAGE. Alternatively, the Msp was 

purified as described in the following protocol. The precipitated T. denticola protein extract 

(Section 2.8.1.. paragraph 2) was dissolved in 1% Octyl-POE-IO mM Tris, pH 8.0, concentrated 

by Arnicon ultrafiltration and resuspended in the same buffer. The protein solution was filtered 

and applied ont0 a Mono Q (HR 5/5)  column. The bound protein was eluted fiom the Mono Q 

column by applying a gradient of 0-0.4 M NaCl in 1% Octyl-POE40 m M  Tris, pH 8.0 at a flow 

rate of 1 mL/min. Fractions (1 mL) containing the Msp oligomer were rechrornatographed under 

the same conditions. The peak contained pure Msp oligomer. Andysis of al1 fiactions was 



performed by SDS-PAGE. 

2.9.2. Preparative electrophoresis 

Preparative electrophoresis purification of Msp monomer was carried out using a Mini- 

Protean II electrophoresis apparatus (BioRad), as will be described in the following section 

2- 10.1. T: dentkola particdate fraction (as defmed in section 2.1 .), separated by SDS-PAGE was 

electroblotted ont0 nitrocellulose membrane, according to a standard protocol (as will be 

descnbed in the following section 2.12.). The 53 kDa Msp monomer was found to be transferred 

poorly (approx. 20%), whereas contaminating proteins transferred with high efficiency. Afier 

blotting, the gel was sliced to remove the 53 kDa band. This method \vas used to prepare 53 kDa 

protein for antibody generation in rabbits. 

Preparative electrophoresis using a Mode1 49 1 Prep Ce11 (BioRad Laboratories, CA) was 

utilized to puri@ Msp and CTLP as follows. Aqueous and detergent phases of Triton X-114 

extracts of 3 L T. denlicola cultures were concentrated to approx. 5 m .  each in a CentriPrep 30 

ultrafiltration unit (Amicon, MT), mixed with an appropriate volume of standard sample buffer 

containing reducing agent, and layered on the stacking gel matrices. Samples were 

electrophoresed at 60 rnA, 4"C, through the 4% acrylarnide stacking gel and the 7.5% acrylamide 

separation gel. The ninning and elution buffers were 0.1% SDS-192 rnM glycine-25 rnM Tris 

(pH 8.3). The eluate was collected in fractions of 2.5 rnL at a flow rate of 1 mL per min. 

Fractions containing proteins of interest were concentrated by ultraf~ltration, precipitated in 

acetone to remove detergent (Hager and Burgess 1980) and stored in aliquots at -70°C. Analysis 

of al1 fractions was performed by SDS-PAGE. 



2.10. Electrophoresis 

2.10.1. SDS-PAGE 

SDS-PAGE was cmied out by the Laemmli method (1970), using a mini Protean II ce11 

(BioRad, CA). Protein samples were prepared as follows. The specimens to be separated were 

solubilized in sample bufFer (10% PME-4%-SDS-20% glycerol-125 mM Tns, pH 6.8) for 30 

min at 37°C for un-heated samples or 5 min at 100°C for regular samples. Electrophoresis was 

conducted at 200 V. 

2.10.2. Isoelectric focusing 

IEF of detergent (NP-40) extracts and the particdate fraction of T. denticola was done in 

the presence of 9.5 M urea and 20% NP40 using a mini-Protean II two-dimensional 

electrophoresis apparatus (BioRad, CA). The fust-dimension capillary gels contained 1.6% 5-8 

Bio-Lyte (BioRad, CA) and 0.4% 3-10 Bio-Lyte (BioRad, CA) and were subsequently analyzed 

in the second dimension by SDS-PAGE as descnbed in the above section. 

2.1 1. Preparation of antisera 

New Zealand white rabbits were irnrnunized with whole cells of T. denticola ATCC 

35405 or gel purified 53 kDa T. denticola protein for polyclonal antibodies generation. For anti- 

T. denficola antibodies, 1 mg of cells with complete Freund's adjuvant were injected 

intramuscularly into a rabbit. Subsequent intramuscular injections without adjuvant were 

perfomed after 1, 2, 3, 5, and 7 weeks. The rabbits were bled one week afler the last injection. 

The specificity of the antisenun was determined by ELISA using alkaline phosphatase- 

conjugated goat anti-rabbit antibody as per section 2.4.2. 



Antibodies to the T. denficola 53 kDa protein were prepared as follows. The 53 kDa 

protein in acrylamide gel was washed with ddH,O, equilibrated with PBS, minced, emulsified 

with Freund's complete adjuvant and injected into a New Zealand white rabbit. Subsequent 

injections of the same amount of protein were administrated with Freund's incomplete adjuvant 

at weeks 3 and 6; injections without any adjuvant were administrated at weeks 9 and 12. 

Antibody against the 53 kDa protein was also prepared by an altemate protocol by using 

afinity purification from the whole-ce11 antisenun. In the latter procedure, a partially purified 

preparation of the 53 kDa protein was subjected to SDS-PAGE and transferred to nitrocellulose 

membranes. Two reference lanes were stained with Coornassie brilliant blue to localize the 

proteins. The membrane piece containing the 53 kDa protein was excised, blocked with 3% 

BSA, and incubated at 4OC for 3 h with 1 ml of a 1:10 dilution of T. denticola whole-ce11 

an t i sem.  After being washed once with PBS and twice with TTBS (below), the antibody 

attached to the 53 kDa protein was eluted by treatment of the membranes with 0.5% Tween 20- 

0.02% BSA-0.5 M NaCl-50 m M  glycine, pH 2.3. The eluted antibody was imrnediately 

neutrdized with 10 rnM Na2EIP0, and stored at -20°C. The final dilution in Westem blots was 

1 : 1,000, calculated fiom the original arnount of whole-cell serum (100 PL) used. 

2.12. Western blotting 

Westem blot immunoassays were done as per Renart and Sandoval (1984). Proteins 

resolved by SDS-PAGE were transferred electrophoretically to nitrocellulose. The blots were 

incubated for 1 h with blocking buffer (3% BSA-0.5 M NaCl-20 mM Tris, pH 7.9, and then 

incubated for 2 h at room temperature or ovemight at 4°C with the primary antibody diluted in 

1% BSA-TBS. Following two 10 min washes with 0.05%-Tween 20-TBS, the blots were 



incubated for 1 h at room temperature with the secondary antibody, goat anti-rabbit IgG 

conjugated to alkaline phosphatase (human adsorbed, BRL, Md.), diluted in 1% BSA-TBS. 

Immunoreactive bands were deveioped with solution containing BCIP and NBT. 

2.13. Immunoprecipitation of HeLa ce11 proteins with the Msp cornplex 

HeLa cells incubated with 10 pCi of 35S-methionine (Translabel, ICN) per mL of culture 

medium, 24 h, were used for the study (Roberts er al. 1988). Altemativeiy, HeLa ce11 surface 

proteins were Iabeled with Sulfo-NHS-LC-biotin (Pierce, IL) by the method of Lisanti et al. 

(1988). After labeling, the ceil layer was washed extensiveiy with PBS. Cell membrane and 

cytoplasmic proteins were extracted at 4°C with 2% Triton X- 1 00-2mM PMSF-0.00 15% 

leupeptin-PBS (Roberts et al. 1988). M e r  centrifugation at 10,000 X g, 5 min, the supernatant 

containing soiubilized protein was mixed with rabbit IgG conjugated to protein A Sepharose 

(Sigma) to remove non-specificaliy binding matenal. Following another centrifugation, the 

supenatant was mixed with Msp compiex for 1 h at room temperature. Anti-Msp IgG 

conjugated to protein A Sepharose that had been preincubated with unlabeled HeLa ce11 proteins 

(Firestone and Winguth 1990) were added to the labeied HeLa protein-Msp complex mixture. 

For additional controis, immunoprecipitation of 35S-methionine-1abeled HeLa ce11 proteins was 

carried out under conditions in which Msp complex was omitted or in which anti-P. gingivalis 

IgG (Joe et al. 1993) was substituted for anti-Msp IgG. The resulting Msp-HeLa protein 

aggregates were collected by centrifugation and anaiyzed by SDS-PAGE to detect radioiabeled 

proteins or by SDS-PAGE and transferred to nitrocellulose membranes followed by biotinyiated 

protein detection. 



2.14. Autoradiography 

Radiolabeled samples separated by SDS-PAGE, were fm stained with Coomassie 

bnlliant blue stain and treated with fluorography ampl%cation reagent and dned at 80°C under 

vacuum. Autoradiography was done at -70°C with Kodak X-OMAT film. For biotinylated 

surface proteins, proteins were transferred electrophoretically from SDS-polyacrylarnide gels to 

nitrocellulose membranes as described by Renart and Sandoval (1984). Following transfer, the 

membranes were blocked with 3% BSA in TBS and then incubated with streptavidin-conjugated 

alkaline phosphatase (Bethesda , Md.). The membranes were developed with BCIP and NBT 

(Sigma, St. Louis, MO). 

2.15. Black lipid bilayer anaIysis 

Single-channel conductance (Benz et al. 1985), rnacroscopic conductance inhibition 

(Hancock & Benz 1986), and zero-current membrane potentiai experiments (Benz et al. 1985) 

were performed as described previously. The instrument for black Iipid bilayer study consisted of 

a Teflon chamber with two compartments separated by a thin wall. The circular hole in the wall 

connecting the two compartments had an area of either 0.1 mm' or 2 mm'. The membranes were 

formed across the hole by painting on a 1% (w/v) solution of lipids (diphytanol 

phosphatidylcholine, or oxidized cholesterol, the results of lipid bilayer expenments were not 

influenced by the composition of the membranes, Hancock & Benz 1986) dissolved in n-decane. 

Bilayer formation was indicated when the membrane turned opticaily black to reflected light. 

The expenmental conditions were kept at 25°C. The protein to be tested was added to the 

aqueous phase from the stock solutions either immediately before membrane formation or after 

the membrane had completely tumed black. The single-channel conductance of the pores was 



measured d e r  application of a fuced transmembrane potential with a pair of calomel electrodes 

with salt bridges (Metrohm, Switzerland) inserted into the two aqueous sait solutions on both 

sides of the membrane. The current through the pores was boosted by a current amplifier 

(Keithley 427) monitored on a storage oscilloscope (Tektronic 51 15) and recorded on a strip 

chart or tape recorder. 

Macroscopic conductance inhibition experirnents were initiated by adding detergent- 

purified Msp to the bathing solutions - 40 mM KCI-1 mM Tris, pH 7.0 - on either side of the 

lipid bilayer membrane. The increase in conductance was followed for 20 - 30 min or until the 

rate of increase had slowed down considerably. At this time the membrane conductance had 

generally increased 2 - 4 orders of magnitude. The bathing solutions in both compartments of 

the chamber were stirred gently with a magnetic stir bar and aliquots of inhibitors (human 

fibrïnogen, final concentration 0.2 rng/mL; or bovine fibronectin, final concentration 0.1 mg/mL) 

were pipetted carefuliy to both compartments. Smcient time was allowed for the new current 

level to be established before addition of the next aiiquots. 

The zero-current membrane potential measurements were made as previously described 

(Benz et al. 1979). The membranes were formed in a 10 mM salt solution containing a 

predetermined concentrated protein stock so that the conductance of the membrane increased 

about 100- to 1000-fold within 20 to 30 min. The voltage was then switched off and the 

instrumentation was switched to allow measurement of zero-current membrane potentiais. The 

salt concentration on one side of the membrane was raised by adding srnall amounts of 

concentrated solutions while stimng. The zero-current membrane potential reached its final 

value within 5 - 10 min. For macroscopic conductance inhibition experiments and zero-current 

potential measurernents, one electrode was again connected to a voltage source while the other 



was comected to a Keithley 6 10B electrorneter. In al1 cases the circuits were completed through 

earth. 

2.16. Patch clamp assays 

Patch clamp recordings fiom HeLa cells were carried out at room temperature (2 1-23°C) 

using a List EPC-7 amplifier with electrodes havuig a resistance of 5-10 Ma. Membrane 

currents were filtered at a direct current band width of 2 kHz. For single-channel analysis of data 

obtained in the cell-attached mode (Hamil1 et ai. 1981), membrane current and voltage were 

digitized at 8 kHz and analyzed on an Atari Mega 4 computer using commercial software 

(Instmtech, NY). Channel conductance was estimated fiom the single-channel current-voltage 

relationship. 

For analysis of whole-cell, voltage clamp currents (Hamill et ai. 198 l), 400-ms-duration 

voltage clamp comrnand pulses were applied Frorn a holding potential of -57 or O rnV, and 

corresponding whole-ce11 currents were stored and analyzed using the computer protocol as 

mentioned above. Fast and slow capacitance neutralization and series resistance compensation 

were employed to minirnize artifacts associated with whole-ce11 voltage clamp. These recordings 

utilized isolated, sphericd cells to avoid artifacts associated with cell-ce11 coupling and complex 

ce11 geomeûies. 

The composition of bath and pipette saline solutions used are given in Table 2.2. For 

whole-cell, current clamp determination of resting membrane potentials, pipettes containing 

solution c and cells were bathed in solution a. During whole-cell, voltage clamp recordings, 

intrinsic membrane currents of HeLa ceils were normally suppressed by using pipettes filled with 

solution d while cells were bathed in solution b (Takahashi et al. 1993). in cell-attached 



recordings, both the bath and pipette contained solution a, and Msp complex was applied by 

adding the complex to the patch electrode solution. 

2.17. S tatistics 

Raw data were used for statistical analysis if possible. However for semi-quantitative 

assays or assays leading to processed readings, the data will be normalized and presented as 

percentages to facilitate cornparison. The corresponding standard deviation was deduced 

according to the method of standard deviation measurement in functionai relationships (Parratt 

196 1). When applicable, difference between means were evaiuated by non-parametric multiple 

cornparisons (Bonferroni test, Zar 1996). 



Table 2.1 Ce11 lines or ce11 explants used. 

- - - - - - pp - -- 

Abbreviatiodline code Cell types Sources Medium ~ u ~ ~ l e r n e n t ~  Remark 

CHO-K 1 Chinese hanister ovary F. Tu faro 

F. Tufaro 

RPM 1 1640 10% FBS 

Vero 
(ATCC CRI, 63 18) 

African green monkey 
kidney 

DMEM 10% FBS 

HaCaT Spontancous human 
keratinocyte 

H. Larjava DMEM 10% FBS 

HeLa Human cervix epitheloid 
carcinoma 

D.A. Mathers MEM 10% FBS, 
non-essential amino acids 

HGF Human gingival 
fibroblast 

J .  Tonzetich DMEM 10% FBS, 5 - 10th 
non-essential amino acids, passage used 

L-ascorbic acid 

3 PLE Porcine periodontal 
ligament epithelium 

D.M. Brunette 15% FBS 5 - 10th 
passage used 

ROS 17/23 Rat osteogenic sarcoma C.B. Wu 

C.B. Wu 

F-12 5% FBS 

Saos-2 
(ATCC HTBSS) 

Human osteogenic 
sarcorna 

F- 12 5% FBS 

HEK Human epidermal 
keratinocytes 

Clonetic Corp. 
San Diego, CA 

KBM, bovine pituitary extract, Gentainicin sulphate, 
recombinant epidermal growth factor, ampllotericin B 
insulin, hydrocortisone, 

Hunian gingival 
epithcliuni 

D. Oda 
U. Washington 

KSFM, recombinant epidermal growth 
factor, bovine pituitary extract. 

HGE 

" Al1 lines were obtained from the pcrson listed at the University of British Columbia unless indicated. 
Al1 lines were maintained in media containing the following sntibiotics or antifungal agent per mL unless indicated: 10,000 U of penicillin G, 10 mg streptomycin, 1.2% 
(v/v) fungizone. 





CHAPTER III Results 

3.1. Attachment of T. denticda to eukaryotic ceiis 

3.1.1. Attachent of irl denticola to PLE cells 

T. denticola bound to epithelial cells (Figure 3.1, Tables 3.1 & 3.2). In general, the 

binding of T. denficola to PLE cells was relatively quick. At 15 min, near maximum attachrnent 

was observed, and after 2 h the number of attached bactena declined (Figure 3.2). SEM 

examination dso showed binding of T. denticola to the epithelial cells and in some areas, 

contacts of the spirochetes concentrated at ce11 envelope blebs couid be observed (Figure 3.3). 

No other specific sites of T. denticola or PLE cells favoring the adhesion were observed. 

Larger nurnbers of epithelial cells had T. denticolu adherent to them as the spirochete 

concentration in the incubation increased (Figure 3.4). The density of the epithelial ce11 culture 

affected the bacterial binding. In 30% confluent cultures the maximum nurnber of T. denticola- 

binding epithelial cells (90% of the cells) was obtaùied at a concentration of 4 x 1 O9 bacteria/mL 

(Figure 3.4B), while in near confluent cultures the maximum proportion of bacteria-binding cells 

was lower (approx. 65% of the cells, Figure 3.4A). This maximum value was obtained at much 

higher T. denticola concentration (2  x 101° spirochetes/mL) than in the more sparse PLE culture. 

The nurnber of bacteria bound per epithelial ce11 was highly variable (Table 3.1). Even at 

high bacterial concentrations a considerable proportion of cells bound no or only a few bacteria. 

On other cells of the same cultures up to 80 spirochetes could be counted. Quantitative analysis 

of the adhesion data with Langmuir isotherms, Scatchard plots etc. (Gibbons et al. 1976, Morris 

& McBride 1984) arrived at an estimation of 2.5 attachrnent sites for T. denticola per PLE ce11 

in 30% confluent (in full culture medium) versus the 1 site per PLE ce11 in 90% confluent culture 



(Table 3.3) with Hill coefficient as low as 0.703 suggesting that some negative factor(s) 

was(were) acting against the T. denticoZa-PLE cells adhesion (Dahlquist 1 978). Al though 

maximum T. denticola attachment to PLE confluent monolayer was o b s e ~ e d  as early at 15 min, 

a time course microscopie assay revealed that not d l  PLE cells had attached spirochetes at the 

same moment. In contrast to the rapid maximum attachment of spirochetes to confluent PLE 

monolayen, the proportion of semi-confluent PLE cells binding T. denticola increased with time 

until a peak at 4 h and then the proportion decreased to a low level at 25 h. Variability of 

attachment data was later found to be partIy due to detachment of PLE cells f i e r  T. denticola 

challenge (Section 3.3.1.2.). 

3.1.2. Attachent of T. denticola to other eukaryotic cells 

T. denticola binding to other eukaryotic cells was also studied (Table 3.2). T. denticola 

did not attach to different cell lineslexplants equally. HSK and HGE cells bound the spirochetes 

less well, whereas almost al1 Vero or KGF cells bound some T. denricola while Saos-2 behaved 

similar to PLE cells (Tables 3.2 & 3.3). On those ce11 type where T. denticola was more readily 

attached, variation in the numbers of spirochetes binding per ce11 was also evident. 

3.1.3. Attachent of T, denticola to FPLE cells 

Attachment of T. denticola ont0 FPLE cells was studied in an attempt to look for ways 

that could reduce the variability observed in attachment studies, which might have been due to 

detachment of the PLE monolayer substrate (see also Figure 3.7). This could complicate the 

interpretation of the results of the attachrnent assays. In general, T. denticola bound to FPLE and 

PLE similarly (Table 3.1). The high variability in the number of bacteria bound per PLE could 



ais0 be observed when FPLE cells were used (Table 3.1). At high T. denricola Ioading, about 

half of the FPLE bound no spirochetes, while a small proportion of the cells bound up to 45 

spirochetes. Similady, a relatively quick rate of T. denticola attachment to FPLE cells was also 

observable (Figure 3.2B). 

Quantitative analysis of attachment data revealed FPLE cells provided a simpler as well 

as a more convenient mode1 for studying T. denticola attachment. An estimated approximate 3.5 

attachent  sites for T. denticola per FPLE ce11 (Table 3.3), corresponding to a Hill coefficient of 

0.97 for T. denticola - early confluent FPLE attachment . This approxirnates that of a simple 

unipair binding system (when Hill coefficient = 1.0; Dahlquist 1978). These readings suggest 

that the FPLE system was more stable, and thus, illustrate an advantage to using FPLE cells. 

Attachment of T. denticoh to fmed monolayers of other ce11 lines or explants was also 

studied (Table 3.4). The attachment of T. denticoh to fixed PLE, Vero, and HGF cells was 

slightly affiected (Tables 3.1, 3.2 & 3.4). At least ten times more concentrated T. denficola 

suspensions were needed to create similar binding patterns in fixed Vero and KGF cells versus 

their unfixed counter-parts (Tables 3.2 & 3.4). Despite the fact that the experimental conditions 

during the spirochete-cell interaction between k e d  and unfïxed cells were not exactly the same, 

the glutaraldehyde fixation was likely the prime cause of the differences. This was, however, not 

M e r  investigated. 

3.1.4. Effects of pre-treatrnent of T. denticola on attachment to PLE cells 

3.1.4.1. Physical pre-treatment 

To characterize the nature of T. denticola binding to epithelial cells Eurther, the 

spirochetes were subjected to various treatment protocols before PLEFPLE ce11 binding assays. 



The effects of heating and pre-incubation with buffers of varying pH before attachment assays, 

were tested and results are shown in Table 3.5. Pre-treatment at pH 3.8 had no effect, but 

exposure to pH 3.2 inhibited binding by 89%. Inhibition of attachment of 80% was obtained by 

heating the bacteria at 60°C. Similar resuits were also obtained when FPLE cells were used 

(Figure 3.5). 

3.1.4.2. Chexnical pre-treatrnent 

S e m  inhibited the attachment of the treponemes. In the absence of serurn or in the 

presence of 1% serum, T. denticoh binding took place at much lower bacterial concentrations 

than in the presence of 15% serum (Figure 3.4B). Some major serum proteins were tested for 

their effect on binding. Fibrinogen strongly inhibited the binding, while serum albumin and 

fibronectin had no effect at the concentrations tested (Table 3.6). 

Effects of other agents on T. denticoh and its binding to PLE cells were also tested. 

Proteinase K treatrnent of T. denticola inhibited its bindïng by 30%, but mixed giycosidase had 

no effect. PMSF, a senne proteinase inhibitor and pCMBA, an inhibitor of thiol proteases 

inhibited the attachment by 62% and 78%, respectively (Table 3.5). When FPLE cells were used 

for attachment assays, simila. observations could be registered (Figure 3.6). Al1 treatments that 

inhibited T. denticda binding, i.e. heating, acidic pH, PMSF and pCMBA also inhibited the 

activity of the CTLP enzyme of T. denticoh (Table 3.5, Figs. 3.5, 3.6), while TPCK, a cysteine 

protease inhibitor, had no significant eEect on binding nor on CTLP enzyme activity. 

3.1.4.3. Antibody pre-treatment 

As implied fiom results presented in sections 3.1.4.1. and 3.1.4.2. regarding the 



possibilities of CTLP mediating the spirochete attachent to PLE cells, the effect of antibodies 

against T. deniicola CTLP on binding to epithelial cells was studied. Anti-CTLP IgG and anti- 

whole T. denticola IgG significantly uihibited the binding (Tables 3.6, 3.7). Anti-Msp or Anti- 

rMsp IgGs, on the other hand, were also observed to be able to inhibit the binding of T. denticola 

to FPLE. However, there existed different aspects, which affect the results observable £kom the 

two different set of experiments. Greater inhibition was observable when anti-1. denticola or 

anti-95 kDa protease IgGs were used to block T. denticola attachment of PLE cells (Table 3.6). 

When FPLE was used instead, the inhibition of binding by such pre-treatment was Less dramatic 

(Table 3.7). That might be explained by the fact that PLE cells, if unfixed, upon the infiuence by 

T. denticola could be detached fiom the substratum, probably bringing dong with them certain 

attached spirochetes. 

3.2. Cytopathic effects of T. denficola on PLE 

3 2.1. Morphometric changes. 

Microscopic and morphometnc examination showed loss of cell contacts, retraction of 

epithelial cells and detachment leading to large cell-fiee areas in the cultures (Figure 3.7, see also 

Figure 3.3B). The reduction in mean attached PLE cell size plateaued at T. deniicola challenging 

concentrations of 2 - 9 x loto spirochete/mL before it continuously fell down to 90 ~ r n '  which 

was about 30% of the original ce11 size (Figure 3.7A). When T. denticoia induced PLE cell 

morphornetric changes was followed against t h e ,  the following were observed. Despite the 

rapid ce11 detachment with time, the confluency of the monolayer was maintained at around a 

90% level with a dramatic increase in cell size of the rernaining PLE cells (Figure 3.7B). The 

mean PLE size increased from about 300 pm' at tirne O to more than 600 ~ r n '  at 5 h. However, 



with the continuous insult f?om T. denticola, the number of cells remaining attacheà, the mean 

ce11 size, and the confluency of the culture reduced with time until at 13 h when vimidly no PLE 

cells were Iefi behind. 

3.2.2. Vacuolation 

Vacuolation of T. denticola treated PLE cells was studied as per Cover et al. (1991), and 

a micrograph of a typical field is shown in Figure 3.8. Vacuolation induced by i? denticola was 

not dramatic in PLE cells remaining on the tissue culture wells but was statisticaily significant 

(Table 3.8). The presence and location of intracellular vacuoles were also observed from TEM 

sections of PLE infected with T. denticola (please refer to Figure 3.15D, Section 3.3.1.1 .). 

Vacuoles of different sizes were observable. The effect of T. denticola in causing vacuolation of 

other ce11 lines was tested. The extent of vacuolation induced appeared similar to what was 

observed in PLE c e k  (data not shown). 

3.2.3. Blebbing 

The addition of T. denticola to sparse PLE ce11 cultures rapidly Ied to extensive 

membrane blebbing of some solitary cells (Figure 3.9). Less intensive transient membrane 

ruffling was aiso observable in control cultures (data not shown). However, the addition of T. 

denticola increased the nurnber of blebbing cells in cultures by 3 - 6 fold. In 30% confluent 

cultures, the proportion of blebbing cells increased from 1.6 k0.9% to 6.5 f 1.8% upon T. 

denticola treatment. Sirnilar observations were recorded when early confluent PLE was used 

(Table 3.8). The blebbing phenornenon was observed irrespective of whether FBS was present 

or absent. 



3 -2.4. Cytoskeletal rearrangement. 

The cytoskeleton rearrangement of PLE cells in relation to blebbing, and Ioss of ce11 

contacts resulting from T. denticola in vitro infection was investigated. In blebbing cells, the 

actin network was grossly disorganized. While the actin arrangement was relative1 y unaf3ected 

in the basal sections of the cell, marked disarray was observed in the cortical actin. The normal 

circular arrangement was replaced by a disorganized penpheral meshwork. Part of the actin 

filament appeared to end in the peripheral membrane blebs (Figure 3.10). The cytoskeletal 

mangement in the ce11 colonies that did not show any signs of blebbing were not markedly 

changed (Figure 3.1 1B). Blebbed cells often became elongated, and the actin filaments were 

arranged as long filament bundles at the lateral borders of the ce11 (Figure 3.1 1A). No specific 

arrangement of actin was observed in the area where the spirochetes had adhered to or associated 

with the basal third of the epithelial cells (Figure 3.1 1 B). 

3.3. Cytotoxic effects of T. denticoia on eukaryotic cells. 

3.3.1. Cytotoxic effects of T. denticola on PLE cells. 

3.3.1.1. PLE cells remaining on tissue culture plates. 

Concentration dependent toxicity of T. denticola ATCC 35405 to confluent monoiayer 

cultures of PLE cells (including detached and attached cells) was assayed by MTT assay (Figure 

3.12). Altematively the ability of PLE cells to incorporate radioactive thymidine upon the 

influe~t of T. denticola was rneasured (Figure 3.13). The viability of PLE cells remaining 

attached in tissue culture wells was measured utilizing trypan blue dye exclusion assay (Figure 

3.14). T. denticola sonicate and whole cells were cytotoxic to PLE cells. At a spirochete 

concentration of 1 x 10" per mL, approx. 50% of the cells could not degrade the M T  sdt  



(Figure 3.12). The proliferation experiment, however, identified PLE cells responding to Iower 

concentration of T. denticola challenge (Figure 3.13). The spirochete at concentration of 1 x 1 o8 

per mL induced mild proliferation response of PLE cells. Most remaining PLE cells retained 

their ability to exclude Trypan blue dye (Figure 3.14). Some T. denticda treated PLE cells, 

when subjected to TUNEL staining, were shown to be undergoing apoptotic changes (Figure 

3.14). The portion of apoptotic attached PLE cells increased when concentration of T. denticola 

in the system increased. The same ce11 death process was also witnessed in TEM preparation 

(Figure 3.15). 

3 -3.1.2. PLE cells detached fkom the tissue culture plates. 

T. denticola induced detachment of culture cells was measured by crystal violet dye 

elution (Figure 3.16) and morphometric analysis (Figure 3.7). Viability of detached PLE cells 

was also measured (Figure 3.14). In general, the more andor the longer T. denticola challenge 

of PLE cells, the larger the amount of PLE cells were detached. Most of the detached cells were 

dead, with loss of regular cytoplasmic or cellular structure (Figure 3.17). 

3.3.2. Cytotoxic effects of T. denticoh on other eukaryotic cells. 

Concentration dependent toxicity of T. denticola to various ce11 lineskell explants was 

studied by MTT (Figure 3.18). T. denticola could also induce detachment of various ceils 

(Figure 3.16). Under the current experimental conditions, PLE was f o n d  to be the most 

resistant ce11 to the insult by T. denticolu, followed by Saos-2, HGF, HeLa and CHO-KI. 



3.3.3. Effects of pre-treatment of T. denticola on cytotoxicity to PLE cells. 

3.3.3.1. P hy sical pre-treatment 

Sirnilar cytotoxic effects were seen when PLE monolayers were challenged with intact T. 

denticoia or sonicated T. denticola (Figure 3.12). Heating the spirochetes at 80°C or above for 

60 min rnarkedly prevented the cytotoxic effect (Table 3.9). Other physical pre-treatment of T. 

denticola, such as pre-treating the T. denticola with b a e n  of different pH, did not affect the 

cytotoxic activities of T. denticolu as measured by MTT (Table 3 -9). 

C hemical pre-treatment 

Pre-treatrnent of T. denticoh with protease inhibitors or agents that enhance the CTLP 

activities of the spirochete did not affect the cytotoxicity (Table 3.10). Similarly, BSA, FBS, 

fibronectin, fibrinogen pre-treatment of T. denticola did not affect its cytotoxic activity on PLE 

cells monolayer cultures (Table 3.10). Enzyme pre-treatment by mixed giycosidase did not 

affect the cytotoxic effect of 

the spirochete by proteinase 

(Table 3.10). 

T. denticola cytotoxicity of T. denticola on PLE. Pre-treatment of 

K, however, did reduce the cytotoxicity of the spirochete on PLE 

3.3.3.3. Antibody pre-treatrnent 

The effects of T. denticolu whole cells or surface proteins antibody pre-treatment on the 

cytotoxic action of the spirochetes was studied- Anti-T. denticoh whole ce11 senun, anti-ll 

denticola CTLP or anti-T. denticola Msp pre-treatment of the spirochetes were not oniy able to 

inhibit the bactena binding (Tables 3.6, 3.7) but also reduced the cytotoxicity of the spirochete 

on the PLE cells (Table 3.1 1). 



3.4. Cytopathic and cytotoxic effects of T. denricola "putative viruience factors" 

3.4.1. Purification and characterization of the "putative virulence factors" 

3.4.1.1. Characterization of crude detergent extracts 

NP40 detergent extracts of both whole cells and the particdate hction of sonicated T. 

denticola cells were analyzed by SDS-PAGE (Figure 3.19, lanes A and B). In both sarnples, 

most of the protein was found in a 53 kDa band. Sirnilar results were obtained when whole cells 

of T. denticola sti.ain ATCC 33520, ATCC 35404, ATCC 35405 were extracted with Triton X- 

100, SDS, octylglucoside, CHAPS, Zwittergents 3- 12, Zwittergents 3-1 6, and deoxycholate (data 

not shown). The protein profile remained the same regardless of whether reducing or non- 

reducing sample buffers were used. The 53 kDa protein band was absent fiom samples which 

had not been heated prior to electrophoresis, and instead, a number of protein bands appeared in 

the 130-200 kDa region. These high molecular rnass complexes were dissociated, and the 53 

kDa protein appeared to be the major component when sarnples were incubated at 70-80' or 

above (Figure 3.20, lanes C and D). The high molecular mass complexes were highly resistant to 

treatment with a wide range of proteases, including the intrinsic CTLP (Figure 3.20, lane E). In 

subunit form, the proteins were readily degraded by these proteases. This can be observed when 

the complexes were dissociated by heating prior to the protease treatrnent (Figure 3.20, lane F). 

IEF-PAGE suggested that the 53 kDa protein existed in several forms having isoelectnc 

points ranging fiom 8.0 to 5.5 (Figure 3.19, C). These rnay be true subunit isoforms, or they may 

have had similar PIS. Some lower molecular mass proteins also showed forms with diEerent pl 

values. These lower molecular mass proteins were detected with the anti-53 kDa protein 

antibody and are probably degradation products of this protein (see also Figure 3.2 1). 

The relationship berneen the 53 kDa protein and the high molecdar m a s  proteins was 



investigated immunologically (Figure 3.21). Proteins from whole ceIl lysates separated by SDS- 

PAGE and transferred to nitrocellulose were reacted with antisera against T. denticola ATCC 

35405 cells (Figure 3.21, lanes A and B), or the T. denticola 53 kDa protein. The whole celi 

antiserum reacted with the 53 and 72 kDa proteins in heated sarnples and with the > 130 kDa 

complexes in the unheated sample. The antiserum also detected several low molecular mass 

proteins; the number and size of these polypeptides vax-ied from preparation to preparation 

(Figure 3.2 1, lanes A and B). The anti-53 kDa protein antibody reacted with a 53 kDa band from 

ali three strains tested (Figure 3.21, lanes C to E). Weak reactions at > 130 kDa region were 

detected with heated strains of ATCC 35404 and ATCC 35405. Such > 130 kDa proteins were 

probably trace amounts of the undissociated high molecular mass proteins left behind even after 

the 5 min 100°C heating. The anti-53 kDa protein antibody also reacted with several low 

molecular mass bands of the strains; the strongest reaction was with strain ATCC 35405. The 72 

kDa protein showed no cross-reactivity with the anti-53 kDa protein antiserum. 

CTLP was observable as a doublet at 95 kDa in SDS-PAGE of T. denticola detergent 

extract, and was particularly evident in sodium deoxycholate extracts (Figure 3.22). The 

isolation, purification and characterization of the CTLP were described by Uitto et al. (1988b) 

and Grenier el al. (1 990). 

The morphological features formed by the major surface proteins of T. denticola were 

visuaiized with negative staining (Figure 3.23). In intact T. denticola cells, the celi body 

obscured observation of potential arrays. Various techniques to separate the outer sheaths from 

the rest of the spirochetes were attempted. These included vortexing for 5 min with 1- to 5-pm- 

diarneter g las  beads, fieezing and thawing 40 tirnes, and mild ultrasonication of cultures of 

various ages. Sonication of 3-daysld cultures produced the most adequate result. Such 



preparations demonstrated isolated sheaths, small vesicles that derived fiom these sheaths, and 

darkly staining bacterial bodies that were sometimes surrounded by sheath materid (Figure 

3.23A). n i e  sheath material demonstrated an apparent regular distribution of darker staining 

regions with an approximate center-to-center distance of 20 nm and darker stained areas approx. 

4 - 5 nrn in diameter. In some micrographs, areas with clear hexagonal arrays were observed 

(Figure 3.23B). Other 7'. denticola strains, apparently containhg major surface protein (Msp) of 

a different size, were also found to be having hexagonal array which was similar in pattern and 

size to that of i? denricola (Figure 3.24). 

Immunogold bead labeling with anti-53 kDa protein IgG and anti-95 kDa CTLP protein 

IgG showed that the 53 kDa and the 95 kDa proteins were located on the T. denticola ce11 surface 

(Figure 3.25). Gold beads cm be seen on the ceIl surface and on materiai dissociated from the 

cell. The immunogold electron micrograph in Figure 3.25B shows the alignment of 53 kDa 

protein (10 nm gold beads) with the centers of the units of a regular hexagonal array of T. 

denticola outer membrane materials, and suggests that CTLP (5 nm gold beads) is closely 

associated with the 53 kDa protein in the outer membrane. 

The abundance of the 53 kDa protein in the T. denticola ce11 and its localization to the 

OM were more easily observable by immunogold labeling of the protein alone (Figure 3.26). 

The evidence available implied that the hexagonal array consisted of 53 kDa oligomers of the 

Msp. 

3.4.1.2. Purification of the 53 kDa protein or Msp 

In order to partially puri& the 53 kDa protein, detergent solubilized whole ce11 extracts 

and particdate fkaction of sonicated T. denticola cells were subjected to gel filtration and anion- 



exchange chrornatography using FPLC. Adding SDS (SDS was used only in gel filtration), NP- 

40, Triton X-100, or urea did not change the cfiromatographic behavior of the proteins. When 

the fractions collected from gel filtration were analyzed by SDS-PAGE, the 53 and 72 kDa 

proteins were present in several fractions coverïng a wide molecular mass range. Figure 3.27A 

shows separation of proteins f?om the particdate fraction of T. drrzticola ATCC 35405 by anion- 

exchange chromatography on a Mono Q column. A sharp peak containing the 53 kDa protein 

and the 72 kDa protein could be obtained. 

The detergent soluble 53 kDa protein was then purified to homogeneity after modification 

of the above FPLC protocol (Figure 3.27B). A detergent exchange step prior to ion-exchange 

FPLC was carried out. The protein ran on SDS-PAGE as a single oligomer band with an 

apparent molecu1a.r weight of 160,000 when it was not heated prior to electrophoresis and with 

an apparent molecular weight of 53 kDa when it was heated in SDS-PAGE sample b&er for 10 

min at 100°C prior to electrophoresis. 

3.4.2. Porin activity of purified Msp 

Addition of the purified 53 kDa protein to the salt solution bathing a lipid bilayer 

membrane led to step increases in membrane conductance (Figure 3.28). By andogy with other 

model membrane studies (Benz et al. 1985, Hancock 1987), these step increases were considered 

single-channel events because of the progressive incorporation of pore-forming units into the 

planar lipid bilayer membrane separating two aqueous compartrnents. Consistent with this, the 

sizes of the step increases in, e-g., 1 M KCl showed a rather narrow range, with few steps larger 

than 12 nS or smaller than 10 nS (Figure 3.29). Other salts demonstrated similar histograms of 

channel size distribution. 



The channel formed by the 53 kDa protein was very large, as indicated by the large single 

channel conductance. Although the single channel conductance was influenced by the specific 

conductance properties of the salt used, the ratio of single channel conductance (G) to specific 

conductance (o) was little affected by salt or ion composition (Table 3.12). This means that 

these ions moved through the channel in a fashion similar to their movement through a similar 

salt solution that separated the two electrodes across which voltage had been applied. Thus, this 

result was consistent with the 53 kDa protein forming a large, relatively non-selective channel. 

When both the anion and the cation were replaced by the very large ions Tris' (0.67 nm 

diameter)and Hepes- (an ellipsoid molecule 1.4 by 0.6 by 0.5 nm), there was a small decrease in 

the G/o ratio observed. Thus, only in this case did interaction of the intenor of the channel with 

these large ions (which are even bulkier because of the hydration shell they carry) restrict ion 

movernent. Even in this case the effect was smaller than that observed for other porins. This is 

consistent with the 53 kDa porin fomiing a very large porin channel. 

The single channel conductance experirnents did not indicate a strong preference for any 

ions. In zero-current membrane potential experiments, a KCl concentration gradient was 

irnposed between the two chambers separated by a membrane containing 100 charnels of the 53 

kDa porin. Preferential movement of Cl- was indicated by the formation of a negative potential 

which balanced the osmotic potential caused by the concentration gradient. Application of the 

Goidman-Hodgkin-Katz equation to these data indicated that the channel was weakly anion 

seIective, with a ratio of pemeability to Cl- over permeability to K+ of 1.6. Decreasing the s d t  

concentration resulted in an approximately linear decrease in conductance (Table 3.12). 

Addition of human fibnnogen or bovine fibronectin to the solutions bathhg a membrane loaded 

with approx. 500 channel fonning units of the 53 kDa protein had no effect on conductance of 



KCI through these channels. The inability to block KCI movement suggested either that the 

binding affinity of the putative binding site is low or that the binding site is so located that it does 

not influence the charnel properties. 

3 -4.3. Attachent of Msp compiex, Msp and CTLP to PLEEPLE cells 

T. denticola outer membrane components such as Msp complex, Msp and ClXP adhered 

to PLE (Figure 3.30). Adherence was, in most instances, inhibited by the same treamients that 

inhibited adherence of whole cells. Pre-treatment of Msp with anti-rMsp IgG significantly 

uihibited adherence (Table 3.13). As shown in Table 3.14, adherence of CTLP was partially 

blocked by inhibiton of serine proteases. Pre-treatment with anti-CTLP IgG alone had no 

adherence b l o c h g  activity, but significantly inhibited SAAPFNA activity . Adherence of 

PMSF-treated CTLP to FPLE was inhibited to a much greater degree by anti-CTLP IgG than was 

adherence of untreated CTLP by either PMSF or anti-CTLP IgG alone. CTLP bound rapidly to 

PLE cells (Figure 3.30B). The adherence of CTLP to FPLE was also rapid. The CTLP-PLE ce11 

binding was somewhat better at 4°C than at 20°C (Figure 3.30B). Adherence of Msp to FPLE 

appeared similar at room temperature and at 4'C. 

3.4.4. Cytotoxic effects of Msp complex, Msp and CTLP on PLE cells. 

Msp complex was electrophoretically sirnilar to Msp purified by FPLC and contained 

neither proteolytic activity nor detectable CTLP (Figure 3.3 1). The effect of Msp complex on 

PLE cells was assayed using LDH release and MTT reduction assays, and the results are shown 

in Figure 3.32. Both assays gave similar results for Msp complex at h a 1  concentrations between 

6 and 50 pdmL, suggesùng that there were intracellular effects of Msp complex on PLE cells 



that preceded cytolysis. 

Purified Msp and CTLP induced high levels of LDH release in PLE cell cultures, 

indicating severe cytotoxic effects. Cytotoxicity data shown in Tables 3.13 and 3.14 represent 

experiments using the lowest concentrations of protein that caused complete lysis of PLE within 

1 h. Msp was cytotoxic at concentrations of 40 - 50 nM, while CTLP was cytotoxic at approx. 

1.5 nM. Inhibition of cytotoxicity followed the same pattern as inhibition of adherence for Msp 

and CTLP, suggesting that cytotoxic effects resulted fiom adherence of the treponemal protein to 

the epithelial ce11 surface. Anti-rMsp IgG inhibited the cytotoxic effects of Msp and rMsp by 40 

- 50%. Partial inhibition of cytotoxic eEects (15 - 30%) was attained by pre-treatment of CTLP 

with PMSF. Anti-CTLP IgG alone had no significant effect on cytotoxicity of CTLP, but when 

CTLP was pre-treated with PMSF, anti-CTLP IgG inhibited cytotoxicity by > 50%. 

3.4.5. Cytotoxic effects of Msp complex on eukaryotic cells. 

The Msp complex had cytotoxic effects on other ce11 types, as measured by M I T  (Figure 

3.33). Msp complex was cytotoxic to ail ce11 types tested, inciuding severai epitheloid cells: 

HeLa, ROS, HSK, CHOKl, ROS; and HGF. In this assay, HSK cells were found to be the most 

sensitive to Msp complex, while ROS, HeLa, PLE, CHO-KI and HGF ce11 cultures were 

progressively more tolerant which differed to some extend to the results of cytotoxic assays when 

whole T. denticola was used (Figure 3.18). Al1 the cells were killed within 24 h by Msp complex 

at a concentration of 15 pg/mL. 



3 -4.6. Characterization of Msp complex induced cytotoxicity by patch clamping 

The characterization of Msp complex induced cytotoxicity was studied using HeLa cells, 

a human epitheloid ce11 line. HeLa ce11 was chosen because its membrane electrophysiology and 

membrane channels had been well studied (Sauve et al. 1986). First, the a t tachent  or binding 

of Msp complex to HeLa ce11 proteins were studied, and then the effects of Msp complex on 

membrane conductance in HeLa ceUs was examined. 

SDS-PAGE of HeLa ce11 proteins showed '*s-methionine labeling at many molecular 

masses over the range form 30 - 200 kDa (Figure 3.34A, lane 1). A 35~-methionine Iabeled 

HeLa protein of 96 kDa was immunoprecipitated by anti-Msp IgG afier exposure to the Msp 

complex, with additional reactivity at several other bands including bands of 50 - 53, 65, and 75 

kDa (Figure 3.34A, Iane 2). Control gels in which the Msp complex was omitted or in which 

anti-P. gingivdis IgG replaced anti-Msp IgG showed negligible labeling (Figure 3.34A, lanes 3 

and 4). A biotinylated HeLa ce11 surface protein of 65 kDa was immunoprecipitated by anti-Msp 

IgG d e r  exposure to the Msp cornplex (Figure 3.34B). The biotinylated protein recognized by 

Msp had the same relative molecular weight as one of the 3S~-methionine-labeled HeLa proteins 

recognized by Msp. 

HeLa cells incubated for 24 h, 37°C with the Msp complex (39 pg/rnL) in 10% FBS- 

MEM were f o n d  to have a significantly lower mean membrane potential than was observed in 

cells incubated in 10% FBS-MEM alone. The mean resting potential was -51 + 2.5 mV for 

untreated cells (n= 23) and -24 f 2.9 mV for Msp-treated cells (n=l1) @<0.001, student's t test). 

To determine if the Msp complex induced a conductance change in the HeLa ce11 

membrane, wholetell, voltage clamp recordings were performed. In the first series of these 

experiments, patch electrodes contained solution d (Table 2.2), while cells were bathed in 



solution b. In these solutions, N a  was absent, R was the predorninant cation, and Cl- was 

replaced by gluconate, which cannot pass through most anion channels in eukaryotic ce11 

membranes. Sample recordings obtained are shown in Figure 3.35. Under these conditions, cells 

incubated with 10% FBS-MEM alone had current-voltage (1- V) curves showing slight inward 

rectification (Figure 3.36A). in cells incubated for 30 min, 37°C in the presence of 39 pg Msp 

complex/mL, the 1-V cuve becarne almost linear, and the mean dope conductance measured at 

positive membrane potentials was significantly higher than in the control (p c 0.05, ANOVA, 

Figure 3.3 6A). These experiments were then repeated in physiologically relevant saline 

solutions. Cells were bathed in solution a, while patch pipettes contained solution c (Table 2.2). 

Sample recordings are shown in Figure 3.37. Under these conditions, the I-V curves of untreated 

ceils were almost linear (Figure 3.36B). In contrast, the I-V graph for cells incubated with 39 pg 

Msp complex/mL showed marked outward rectification and displayed increased slope 

conductance for both inward and outward membrane currents @ < 0.05, ANOVA; Figure 3.36B). 

The 1-V curves of control and Msp-treated cells intercepted at a membrane potential of -18 mV 

(Figure 3.36B). This voltage presurnably represents the equilibnum potential for Msp-induced 

membrane currents (Eriksen et al. 1 994). 

The depolarization and conductance increase caused by Msp complex could reflect 

incorporation or activation of ion channels in the HeLa ce11 membrane. To test this possibility, 

we recorded current from cell-atiached patches of HeLa membrane with electrodes containing 39 

pg Msp complex/ml dissolved in solution o (Table 2.2). These patch pipettes dso  contained 

0.03% OctyI-POE as the vehicle and 5% BSA to minimize binding of the Msp complex to glass. 

The remainder of the ce11 membrane was bathed in normal solution a. No ionic channels with a 

slope conductance of 200 pS or greater were observed when patch electrodes containing Octyl- 



POE and BSA but lacking Msp complex were applied to the ce11 membrane (O of 14 patches on 

14 cells). In contrast, abrupt, square-wave changes in curent consistent with the gating of large 

conductance ion channels were seen in 18 of 51 patches exposed to Msp complex, Octyl POE, 

and BSA @ c 0.001, Fisher exact test, Figure 3.38). Msp-induced channels had a mean dope 

conductance of 386 49 pS (1 7 patches). When recorded at the normal resting potential of the 

HeLa cell, current through open channels was inwardly directed. Channels remained closed most 

of the time, occasionally undergohg transitions to a short-lived open state. 



Table 3.1 n i e  number of T. denticola binding to individual epithelial cells in sparse and 
dense culutres". 

Number of 95% confluent cells 
T. denticola 30% confluent PLE lob 1 O o b  
bound 3 Sb PLE FPLE PLE FPLE 

aPLE/FPLE cells were incubated with T. denficola in 15% FBS-aMEM for 2 h at 37OC. The 
readings showing percentage proportion of individuai PLEEPLE ce11 binding different number 
of spirochetes (left-hand column). 

b~oncentration of T. deniicola in the incubation x 10' bacterialml. 



Table 3.2 The nuniber of T. deitiicoln binding to individual eukaryotic cells in sparse and dense culturesu. 

Number of HSK HGE Saos-2 PLE Vero 1-1 G F - 
T. denticoln 
bound H L H L H L H L II L H 

Ce11 lines in low (L: approx. 50%) or high (H: approx. 80%) confluence were incubated with 5 x 108 (L) or 1 x 1 O' (H) 
T. denticoldml medium without serum, respectively, 2 h at 37'C. PLE cells were also included as a reference. The 
readings showing percentage proportion of individual eukaryotic ce11 binding different number of spirochetes (lefi-hand 
column). 



Table 3.3 Langmuir isotherm parameters of  T. den~icola - ce11 cultures adherence'. 

Cell Serum content Approx. 
ty pe in medium (%) Confluence (%) N (X lo4) sitedcell K (X 1 0 * ' ~ )  I' 

PLE 15 95 1.20 1 4.5 1 0.99 

FPLE O 95 7.09 3.5 1.37 0.99 

PLE O 30 2.9 1 6 7.58 0.99 

PLE 1 30 2.24 5 6.1 1 0.97 

PLE 15 30 1.27 2.5 -0.8 1 0.99 

a T. denticola were incubated with the ce11 cultures for 2 h at 37'C. N, estimated number of binding sites; K, association constant; r ,  
correlation coefficient. 



Table 3.4 The number of T. dentic010 binding to individual fixed eukaryotic ceIlsu. 

Number of 
T. denficola 

bound HeLa 1-1 aC aT Saos-2 FPLE Vero HGF 

' Cell lines in early confluence are treated with 1 x 10" Î: denticolalrnL medium without seruni, respectively, 2 h at 37OC. FPLE cells were 
also included as a reference. The readings showing percentage proportion of individual eukaryotic ceIl binding different number of 
spirochetes (left-hand column). 



Table 3.5 Effect of various treatments on binding and the chymotrypsin-like protease 
activity of T. denticola. 

T. denticola attachment 
Enzyme activitya to epithelid cellsb 

i? denticola treatment (mean % +SD) (mean % +SD) 

PMSF, 1 rnM 

PCMBA, 2 mM 

Cysteine, 50 m M  

Mixed giycosidase, 100 pg/mL 

Proteinase K, 100 pg/mL 

Heating at 60°C 

a Following 1 h treatment, the spirochetes (1.4 x 10'') were washed in PBS and assayed for 
SAAPFNA degradation. 
iT: denticola attachment measured by ELISA. 
ND = not determined. 

* p<0.05, Bonferroni test. 



Table 3.6 Effect of senun proteins and anti-Z denticola antibodies on T. denticola binding 
to PLE cells. 

T. denticola attachment 
Amount to epithelid cells 

Protein (mg/mL) (% of control, mean tSD) 

Experirnent 1 a 

Control 
Fetal bovine senun 

Bovine serum albumin 

Fibrinogen 

Fibronectin 

Anti-T. denticola IgG 
Anti-95 kDa protease IgG 

Experiment 2b 
Control 
Anti- T. denticola IgG 
Anti-95 kDa protease IgG 

a T. denticola (2.5 x log spirochetesImL,) were preincubated with the proteh pnor to adding to 
30% confiuent cultures of periodontal ligament epithelial cells and incubating for 2 h at 37'C. 
The values are calculated fkom number of epithelial cells binding one or more T. denticola 
compared to epithelial cells with untreated T. denticola. 
T. denticoh (1.4 x 10" spirocheteslml) preincubated with antibodies were added to confluent 
epithelid cultures for 2 h at 20°C. The attachent was measured with ELISA. 

* pcO.05, Bonferroni test. 



Table 3.7 Inhibition of T. denficola-FPLE adherence by specific antibodies. 

Pre- treatmenta ~ d h e r e n c e ~  

PBS 

Rabbit @re-immune) 
serum 
IgG 

anti-Msp 
serum 
k G  

anti-CTLP 
serum 
IgG 

anti-rMsp IgG + anti-CTLP IgG 

" T. denticofa cells (5  x 10' spirochetes/ml) were incubated in specific antisera (5 mg/mL) or 
IgG (20 pg/mL) for 1 h, then washed in PBS before adherence assay. 
Adherence of T. denficola to FPLE cells is expressed as % of adherence of PBS-treated control. 

*p<0.05, Bonferroni test. 



Table 3.8 Cytopathic effects of T. denticola on PLE cellsa. 

- -  

Treponerna 
denticola Number of Nurnber of Number of 
concentration PLE remaining PLE taking uf PLE Nurnber of 
(S pirochete/ml) attachedb*' trypan blueb* vacuo latedb" PLE blebbedb*' 

" Early confluent PLE incubated with i? denticola in 15% FBS - aMEM, 37OC, 5% COî, 2 h. 
b Mean * SD values per field; x 40 mag, field area = 0.04 mm2. 
PLE stained with May-Grünwald and Giemsa stains (Sedgley et al. 1996). 
PLE stained with Trypan blue (Martin & Clynes 1993). 
' PLE stained with Neutrai red stain (Cover et al. 199 1 ) .  
* ~ ~ 0 . 0 5 ,  Bonferroni test. 



Table 3.9 Effect of physical treatment on cytotoxic activity of T. denticola. 

Concentration Percentage PLE ce11 viabitity 
T.  denticola treatment" (x 10" spirochetedml) (mean SD) 

Heating 
3 7°C 

" Following 1 h treatment at specified temperature or at 4OC, the spirochetes were washed 2 x in sterile 
PBS before being resuspended in 1% FBS-aMEM for viabiIity assay. 

* p < 0.05, Bonferroni test. 



Table 3.10 Effect of physical treatment on cytotoxic activity of T. denticola. 

Concentration . - Percentage PLE ce11 viability 
T, denficola treatrnenta (X 10" spirochetes/mL) (mean * SD) 

Protease inhibitors 
PMSF, 2 m M  

TLCK, 2 mM 

TPCK, 2 mM 

Cysteine, 50 mM 

Enzymes 
mixed glycosidase, (100 pg/mL) 
proteinase K, ( 1  00 pg/mL) 

Serum proteins etc. 
BSA (100 mg/mL) 

FBS (IO0 mg/mL) 

Fibrinogen (100 mg/mL) 

Fibronectin (1 rng/rnL) 8.5 60.5 * 11.2 

Following 1 h treatment at 4OC, the spirochetes were washed 2 x in sterile PBS, resuspended in 1% 
FBS-aMEM counted/O.D. before viability assay. 



Table 3.1 1 Inhibition of Treponema denticola cytotoxicity by specific antisera. 

- - 

PBS 2 5 * 6  

Rabbit serum 2615 

anti-T. denticola whole ce11 senun 62 *3*  

" 7'. denticola ( 2 x 10" spirochetes/mL) cells were incubated in specific antiserum for 2 h, 4'C, 
then washed 2 x in sterile PBS before cytotoxic assay ( M m .  Antisera concentration was at 5 
mg proteidmL 

* p < 0.05, Bonferroni test 



Table 3.12 Average single-channel conductance of T. denticoh 53 kDa porina 

Concentration G G/o 
Salt (MI (nS) (1 o - ~  cm) n 

KCl 

a The pH of the salt solutions was 7 if not otherwise indicated. A constant voltage of 10 mV was 
applied to the diphytanoyl phosphatidylcholine membrane. Average conductance increments 
(G) were determined by recording a large number (n) of conductance steps and averaging 
them. o is the specific conductance of the aqueous sait solution. 



Table 3.13 Adherence and cytotoxicity of Msp to FPLE and PLE cells respectively. 

PBS 100 * O S  100 * 1.3 

a Adherence to FPLE cells expressed as per cent of untreated control afler 1 h challenge. 
b Native Msp was used at 1.75 pg per ml. Assays were conducted at room temperature. 

Cytotoxicity to PLE cells as measured by release of cytoplasrnic LDH is expressed as per cent 
of positive Iysis control after 1 h challenge. 

* p < 0.05, Bonferroni test 



Table 3.14 Adherence and cytotoxicity of CTLPa to FPLE and PLE cells respectively. 

-- 

PBS 100 + 9.6 100 =t 2.0 100 * 1.6 

anti-CTLP IgG 92* 11.2 38 + 3.9" 87 6.3 

Rabbit IgG 98 14.1 100 * 0.3 97 * 5.1 

PMSF 73 i= 1.3' 6.2 f LS* 71 * 3.2* 

TLCK 100 * 3.2 88 * 11.6 96 * 0.4 

TPCK 85 * 1.6 12.8 =t 3.3' 83 * 5.0' 

PMSF + anti-CTLP 46 & 7.3 * 8.4 * 1.0* 42 * 4.0" 

CTLP was used at 0.15 pg per ml. Assays were conducted at room temperature. 
Samples were pre-treated by incubation for 1 h and washed by ultrafiltration. 
Adherence to FPLE cells afier 1 h challenge, detected by anti-CTLP IgG, is expressed as per 
cent of PBS-treated control. 
Chyrnotrypsin-like activity of pre-treated CTLP before PLE challenge. as measured by 
cleavage of chromogenic substrate. 
Cytotoxicity of PLE cells after 1 h challenge, as measured by release of cytoplasmic LDH, is 
expressed as per cent of positive Iysis control. 

* p < 0.05, Bonferroni test 



Figure 3.1 T. clrnticol<i binding to PLE cells. The interaction w u  observed under fluorescence 
rnicroscop y using FITC-labelcd antibody fur Z denticoh immunostainhg and rhodamine-phalloidin 
for actin detection. A 3 0 4  confluent epithelial culture incubüied with 1.5 x 10' spirochete / mL for 
3 h at 37OC. 



Time (h) 

Fi re 3.2 T h e  dependent binding of T. denticola to PLEFPLE cells. T. denficola (1.4 x %Y 10 spirochetes / mL) was added to epithelial confiuent cultures: A) PLE cells, B) FPLE cells; 
open circles, 4OC; solid circles, 20°C. The binding was assayed with ELISA using anti-whole I: 
denticola antibodies. Values are mean t SD of four samples. 



Figure 3.3 Scanning elecuon microscopy of I: denticoh adhesion to monolayer of PLE cells. 
A) Control PLE cells culture (x 720 magnification). B) 7: Jenticoki challenged PLE çeli culture. 
ktrdction of PLE cells (lower portion of rnicrogmph) ÿnd d l  surface blebbing is evident. t <It.nticolïr 
dso attached to PLE ce11 blebs (x 2500 magnificütion). 
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Figure3.4 Percentage of PLE cells binding at least one bacterium after challenge by T. 
denîicola. High (A) or low (B) density epithelial cultures were incubated for 2 h at 37°C with T. 
denticola in aMEM containing dflerent FBS concentrations: solid circle, 15% S e m ,  open 
square, 1% senun; open circle, no serum. C) 50% confluent PLE cells culture was incubated at 
37OC with 1.3 x 10' T. denticola in aMEM. Values are mean k SD of four samples. 
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Figure 3.6 Effect of chernical pretreatment on 7'. denricola binding to FPLE ceiis. 5 x 
log spirochetes/rnL in plan uMEM, 2h. 37OC. Attachment measured by ELISA. Values are 
mean t SD of four samples. 
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Figure 3.7 T.  denîicola ïnduced PLE ceil rnorphological changes. A) 
Morphometric assay of early confluent PLE monolayers infected with T. denricola, 
24 h; B )  Morphomeaic assay of early confluent PLE rnonolayers infected with 3 x 
10" T. denticola/mL. T. denricola was suspended in 15% FBS-aMEM, 5% CO2, 
37T. Data showing mean f SD of results kom 6 independent experiments. 
Morphometric recording carried out by an IBAS image analyzing system. Open 
square: mean ce11 size; solid circle: celi count; solid inverteci aiangle: contluence. 
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,3.8 PLE cdls vacuolation induced by T: denticoh. A) Conthént PLE ce11 culture was 
iged by 7: denticokri and stained with ncutrd red as per Cover et ai. ( 199 1 ). Note groups of 
ited cells taking up the neutrai red stain (x 200 magniiicütion). B) TEM section of multi-layer 
41 culture infected with 7: rlrnticokr showing cytoplÿsmic vacuolation (arrowheüds). Bar = 1 



Figure 3.9 Z clrnricoki induced blebbing of PLE çells. A) PLE ce11 monolaycr infectcd with 1.5 
x 101"  T 1:IrnricoirfmL. Close up of a co lmy  o l  blebbed PLE çells. PLE cells staincd with May- 
Grünwald and Giemsa stains. x 500 magnifiçation. B) Sparse PLE ceIl culture challengeci with 1 x 
10' Z JrnticoidmL. Observed under S E M ,  x 250() magnificadon 



Figure3.10 Confocal optical sections of blebbing (A-D) and control (E-F) PLE cells alter 
treatment with I: rlenticoki. PLE cells were treated with I: clenticol(c lor 2 h and then processed for 
immunoîluorescence staining of acrin. Contocal microscopy of rhodamine-phalloidin-staincd F- 
actin rxamined at 3 pm increments from the apical to the basal ce11 surhce showing disruption ol the 
peripheral actin network in test ce11 (A-D versus E-F). Note that blebs were only observable at the 
apical sections (A. B and C). Bars = 20 Pm. 



Figure 3.11 Actin arrangement of I: clenticoirr treated PLE cells. Confocal micrograph of 
rhodaminc-phalloidin-stained F-acun. A) A blebbed PLE cell showing rnarked cytoplasmic conuac- 
[ion andor elongation: B) A non-blebbing PLE cell colony infectcd with T: <lenricolrr: confocal 
optical section 5pm from the basal ce11 surface. preparation double-staincd for T clrnticoiri (FITC). 
Note that no specitic mangement of actin was observed in the area where the spirochetes (more 
brightly staincd) were in close contact with the PLE cells. PLE cc11 treatment conditions sirnilar to 
Figure 3.10. 



Treponema denticola (xlo8 spirochetedml) 

Figure 3.U Viabiiity of T. denticola infected PLE ceii monolayer. Early confiuent 
PLE cells challenged wiîh T. deriticokz whole ceii (solid square) or sonicate (open 
circle) in 1% FBS-aMEM, 5% CO2 in air, 37*C, 24 h. MTï assay for PLE ceUs 
viability measurement. Data showing mean + SD (n=6). 



Figure 3.13 PLE cells proliferation after T. deriricola infection. Semi-confluent 
(50%) quiescent PLE cells were chailenged with T. demèola in 1% FBS-ctMEM, 
5% CO2 in air, 37OC, 30 h, 3 ~ - T ~ R  uptake was recorded. Data showing mean + SD 

(n=6). Positive controls: 83 pghL E. coli LPS in 1% FBS-aMEM. or 15% FBS- 
aMEM mggered PLE ceUs 3 ~ - T ~ R  uprake at or above 30000 dpm level. 



Trepunema denticola (~108  spirochetesf ml) 

Figure 3.14 Trypan blue dye exclusion assay and TUNEL staining of PLE ceils 
monolayer infected with T. denricola. PLE ceus chalienged with T.  denhcola in 
15% FBS-aMEM. 5% CO, in air, 37OC, 24h. Open square: trypan blue uptake of 
detached PLE; solid square: trypan blue uptake of attached PLE cells; solid circle: 
positive TUNEL s h e d  PLE cells. Data showing mean f SD (n=6). 



Figure 3.15 Apoptotic chmges of T: drnticoia infectai PLE çeils. PLE cells subjectcd to TUNEL 
stining afterchallenge by 5: denticoh in 15% FBS-aMEM. 5% CO. in air. 37°C. 24 h (A-C). Nucleus 
of apoptotic celis werc TUNEL positive (darkly stüined. arrow heads). A) Control PLE cells: B) PLE 
cc11 monolayer infrcted with 5 x IOV spirochetes/rnL: C) PLE ceIl monolayer inkcted with 1.7 x 101 '  
spinxhet~.s/mL. (x  150 rnagnificluion): D) TEM section of PLE cclls inkctt'd with Z rlenticolrt. Cympathîc 
changes diagnostic of apoptosis (Kerrret al. 1995) an: evident from the preparation. including: i) prouusion 
I blebbing of the ce11 sudace ( m w  hed).  ii) reduction/disapparmcc of ceU surtkce microvilli ( w w ) .  
iü) vacuoles in cytoplasm (Vol. iv) çyiop1;ismic condensations (Cy). v) condensation of nuclearçhromatin 
(Cn). Note also binding of 7: drnticolrr on PLE cd1 surface and internalization of T. drnticolu (white 
arrow heüd) at site where the PLE ceIl membrane ruptured. Bar = lpm. 



PLE Saos-2 HGF HeLa CHO-K1 

Figure 3.16 Detachment assay of T. de~ico ia  infecteci monolayers of ceils in 
culture. AU celI incubated with T. denticoia at (columns 1-r): 1 x log, 1 x 109 and 5 
x log spirochetes/mL in full strength culture medium without antibiotics, 5% CO2 
in air, 37OC, 24 h. Detachment was measured indirectly with crystal violet dye 
elution assay. Data showing rnean f. SD (n=6). 



Figure 3.17 Morphology of detached PLE cellular materials post 7: clrnricolrr challenge. PLE 
çells infected with T: drnticolr for 2 h and then detached PLE çells were processed for tluorescence 
staining of actin. Detached cells srained with rhodaminr-phalloidin. Note Ioss of cellular ÿnd 
cytoskeletal structures (x 8(K) magnification). 
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Figure 3.18 Viability of T. denticola infected monolayen of PLE, Saos-2, HGF, 
HeLa and CHO-K I ce11 cultures. AU cells incubated with T. denticola in 1 % FBS- 
M E M ,  5% CO2 in air, 37OC, 24 h. Viability measured by MTA. Data showing 
mean I SD (n=6). 



Figure 3.19 SDS-PAGE and IEF of 7: derrticolir ATCC 35405 protein extraçts. Lanes: A) NP-40 
extract of T: clenticolrc whok celis: B) NP-40 exwxt of the partiçulate îkaçtion of soniçated ?: clt.nt~~)lii: 
C) IEF of proteins of the I: dentcolir particulate fraction. 



Figure 3.20 Effcct of heai and proteolytic treaunent on L drnticolri ATCC 35405 protein. SDS- 
PAGE protein profiles. L u e :  A. unheated whole-ce11 extract: B-D. whole-ceIl extraçt inçubated ai 
60.70 and 80°C respectively. prior to electrophoresis: E and F. proteinase K ueatment of the partiçula~t. 
iriçtion of 7: clrnticoici before (E) and after (F) heating at 100°C for 5 min. 



Figure 3.21 Immunoblotting of wholè cd1 lysatc of 'I: &nticokt. Anti-T denricoltr wholè cc11 
antisemm (limes A and B ) md anti- t drnticoir 53 kDa protein antiserum (Iÿnes C to E) were used. 
Lanes: A) I: drnticolrr ATCC 35405. sample not hrated: B) 1 denticoh ATCC 35105. sample 
heated: C )  ) Z Jrnticolrr ATCC 33520. samplr hcüted: D) Z drnticol<r ATCC 3 5404. sample 
heated: E) ) 7: drnticolrr ATCC 35405. simple heated. 



Figure3.22 SDS-PAGE of T drnticoln extract showing the 95 kDa CTLP. A) T. Jrnticolrc 
ATCC 35405 detergent extram: lane 1 - enhanced extraction of 95 kDa CTLP with 0.1 R sodium 
deoxycholate (mowhead): lane 2 - protein profile of O. 1 % NP-*) exuact. B) 0.024 gelatin zyrnogrm 
(7.5% acrylamide slab gel). Lanes: 1 )  MW standards (high to low. kDa): 200. 116.97.2) T. drnticolrr 
ATCC 35405.3) T denricola ATCC 33520.4) T rvincentii LA- 1.5) T d~nricolr S-2.6) T dmricolïi 
OTK. 7 )  T denricolri t.'. 8 )  1: denricoln e. 



Figure 3.23 Electron microgmphs of sonicatrd 7: Jenticolo ATCC 35405. A) Darkly staining cd1 
bodies. periplasmic tlagella. and outer sheaths in the forni of both vesicles and rxtended sheüths are 
evident. B)  outer sheath of Z drntic.ol<r ATCC 35405. showing a definite hexagoniil arriiy. Bars = 
0.3 Pm. 



Figure 3.24 Transmission elcçtron miçrograph of outcr membrane rcleased by mild sonicütion of 
L drnticoki OTK. The hexagonal m a y  was similar in pattern and s i x  to thosc rcportcd for uthcr 
oral ueponcrnes. B u  = 0.3 Fm. 



Figure 3.25 Immunogold labeling of I: denticoh with speçitic ami-L drnticolri surface antibodies. 
T: denticolrr whole ce11 ( A )  or sonic extract (BI double labelcd with IgGs against 95 kDa CTLP (5 nm 
eold beads). and 53 kDa protein ( 1 0  nm gold beads). Panel A. bar = 1 Pm: panel B bar = 0.3 Pm. 
C 



Figure 3.26 Immunogold labelling of  7: dmricdir ourer sheath with speçifiç anti-L Jrnricolii 53 
kDa protein IgG. Note that alignrnent of the gold beads with the outcr sheath hexagonal array 
(arrowheads). B u  = 0.3 Hm. 5 nm gold beads uscd. 
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Figure 3.27 FPLC purification of Msp from 7: denticolr ATCC 35405. Panel A: Initial purilication 
of the Z drnticolci NP-30 rxtriict. SDS-PAGE analysis of fractions A and B (heated) is shown in the 
insen: panel B: Final purification of the Msp or the 53 kDa purin from reconstituted I: clrnticolri 
Octyl-POE rxtrict. The purified protein w u  elutrd from the column with O. I I  M NaCl (peak B). 
The insert represents SDS-PAGE ofunheated (lane B) and heatcd (lane B.) sÿmples of peak B. The 
molecular m a s  markers (lme M) uséd werc 94.67.43. and 30 kDa. 



1 min 

Figure 3.28 Anaiysis of single-channel conductance events due to incorporation of the 53 kDa 
porin into black lipid membranes. 



Figure 3.29 Histogram of single-channel conductance increases observed for the purified 53 
kDa membrane protein. The 53 kDa protein was added to the aqueous phase (1  M KCI) bathing 
a lipid bilayer membrane. A total of 216 events was recorded for this histogram, which shows 
the probability of a given single-channel conductance increment p(G)] as a function of single- 
channel conductance (G). The single-charnel conductance was determined to be 10.9nS. 



Figure 3.30 

Time (h) 

Binding of Msp complex and CTLP to PLE cells. A) TEM section showing attachment 
of Msp cornplex on to mulù-layer PLE cd1 culture. Msp complex immunolabeled with mti-Tdrnticol<i 
53 kDa protein IgG (5 nrn gold beads). B) Time dependent binding of 7: clrnticolr< CTLP tu PLE 
cells. CTLP (20 pg/rnL) was added to epithelial contluent cultures: open circles. 4OC: solid circles. 
IO0C. The binding was üssayed with ELISA usine anti-whole T: drnticofc mtibodies. 



Figure 3.31 7: Jrnticoln Msp complcx. The 7: Jenticolrr Msp complex was prepared as dcscnbrd 
in the text. subjectcd to SDS-PAGE and stained with Coomassie blue. Lüncs: 1. Msp complex that 
w u  not heated: 2. Msp complex heated to 100°C. 1 0  min. 



Msp complex (pg per mL) 

Figure 3.32 Reduction of viability of PLE cells due to challenge by Msp complex. Effects of 
Msp complex on cells were detected by LDH release (open square, % cytotoxicity) and MTT 
reduction (solid circle, % viability). Values are mean f SD of six samples. 





Figure 3.34 SDS-PAGE showing HrLa ceIl protoins immunoprecipitated by m i - M s p  IgG idter 
incubation with Msp complex. A) "S-methionine-labeled HeLa ceIl proteins. Lanes: 1. total HeLa 
ce11 proteins showing incorporation of "S-methionine label: 7. "S-methionine-labcled HeLa cc11 
proteins binding Msp complex and irnmunoprcçipitated by anti-Msp QG: 3. as in lanc 2 w x p t  anti- 
l?gingii~rilis igG replaced anti-Msp IgG: 4. as in Ime 2 except the çells were not exposeci to Msp 
cornplex. B) Biotin-labeled HeLa ce11 proteins binding Msp complex and immunoprecipitated by 
anti-Msp IgG. 



Figure 3.35 Effects of Msp complex on whole-ce11 currents in HeLa ceil membranes recorded 
in potassium gluconate saline solutions. Bathing and pipette solutions contained 150 mM 
potassium gluconate (solutions b and d, respectively; Table 2.2) with a ikee intracellular ca2+ 
concentration of 1 nM. Currents were generated in response to 400 ms - duration voltage 
commands applied from a holding potential of O mV. A) Currents obtained fiom a representative 
ce11 incubated in 10% FBS-MEM without Msp complex, B) currents obtained from a 
representative ce11 incubated for 30 min at 37OC in 10% FBS-MEM containhg 39 pg of Msp 
complex f mL. 



Figure 3.36 Effects of Msp complex on the current-voltage (1-0 relationship of the HeLa cell 
membrane. Data were obtained as descnbed in the legends to Figures 3.35 and 3.37. A) Data 
from cells exposed to solution b extracellularly and solution d intracellularly (Table 2.2). Datum 
points indicate the values (mean t SEM) for currents for 8 cells incubated in 10% FBS-MEM 
only (triangles) and for 12 cells incubated in 10% FBS-MEM with 39 pg Msp complex / mL 
(squares). Astensks indicate pairs of datum points which were significantly different @ < 0.05, 
ANOVA). Data nom cells exposed to soiution a extrcellularly and solution c intracellularly 
(Table 2.2). Datum points indicate the values (mean + SEM) for currents obtained from 14 cells 
incubated in 10% FBS-MEM only (circle) and Eom 11 cells incubated in 10% FBS-MEM with 
39 pg Msp complex / mL (squares). Al1 pairs of datum points were significantly different except 
those obtained at a membrane potential of -20 mV ( p  < 0.05, ANOVA). 



Figure3.37 Effects of Msp complex on whole-cell currents in HeLa cells bathed in 
physiologically relevant solutions. Patch pipettes contained 135 mM KCI (solution c, Table 2 3 ,  
while cells were bathed in saline containing 135 rnN NaCl (solution a, Table 2.2). The 
intracellular fiee ca2+ concentration was 140 M. Currents were generated in response to 400- 
ms-duration voltage comrnands delivered from a holding potential of -57 mV. A) Currents 
obtained fkom a representaîive ce11 incubated in 10% FBS-MEM without Msp complex. B) 
Currents obtained fiom a representative cell incubated for 30 min at 37°C in 10% FBS-MEM 
containhg 39 pg Msp cornp1exh-L. 



Figure 3.38 Currents consistent with the gating of a large conductance ion channel recorded 
from a cell-attached patch of HeLa ce11 membrane. The patch electrode contained 39 pg Msp 
complex/ml of 5% BSA-).03% Octyl-POE-solution a (Table 2.2). Solution a alone bathed the 
remainder of the cell surface. The traces show currents obtained at various membrane potentials 
0. V was calculated by substracting the pipette potential from the ce11 resting potential, -51 
mV, obtained by whole-ce11 recording at the end of the experiment. The closed-channel current 
level is denoted by O, while 1 indicates the open-channel current level. Downward deflection 
nom baseline indicates inward membrane current. The direct current bandwidth of recording is 
800 Hz. 



CHAPTER IV Discussion 

4.1 Methodology and limitations 

Epithelial ceils of different mammalian tissue ongin and at varying stages of 

differentiation exhibit quite specific characteristics. in particular these include organization of 

membrane bound and pericellular molecules that serve as receptors for bacterial adhesion (Uitto 

& Larjava 199 1, Finlay 1990, Patti & Hook, 1994). For thesr reasons it is important to use an 

appropriate ce11 type when studying binding of periodontal microbes. In the present 

investigation, PLE cells were chosen as the model ce11 in attachent and cytotoxic studies 

because they resemble jwictional epithelial cells in many respects. Both PLE and junctional 

epithelial cells have the same developmental origin, this being cells of the embryonic primary 

epithelial band. The cultured PLE ce11 Iines do not keratinize, and they express a similar 

cytokeratin pattern to hurnan junctional epithelial cells in vivo (Pan et al. 1994). Cultured PLE 

cells express a number of matrix molecules and their receptors. Fibronectin, tenascin, laminin, 

kalinin and several p,-integrins have been detected in PLE cultures (Uitto et al. 1992). The PLE 

cells in culture also produce hyaluronan and various other glycosaminoglycans (Merrilees et al. 

1983). 

Other cell typedcell lines have been used by different groups studying the adhesion of 

spirochetes. T. denticola, however, did not bind equally well to the various cells tested (Keulers 

et al. 1993% Carranza Jr. et al. 1997, to be discussed in Section 4.3). Such an observation was 

also noticeable in the present investigation (Table 2.1). The PLE cell culture was chosen as the 

ceIl model to be tested based on its oral origin, its resemblance to hurnan junctional epithelium, 

and its ability to bind T. denricola. Nevertheless, the interaction between T. denticola and PLE 



cells was found to be not at ail simple. Several events were observed during the bacteid-PLE 

ce11 interaction. One event that might affect the attachment assay was that the spuochete could 

induce PLE ce11 detachment from the substratum (Figures 3.7, 3.1 7). To sirnpliS, the model and 

to focus on T. denficola-PLE ce11 attachent, PLE cells were prefixed as per Stanislawski el  al. 

(1985). The compromises which must be accepted when using FPLE cells were: i) the 

possibility of modification of PLE ce11 receptors after the glutaraldehyde treatment, and ii) the 

fact that any cell responses or T. denticola inducible PLE-spirochete binding behavior will not be 

observed when FPLE cells are used. In fact, differences were observed between T. denticola 

binding to unfixed and fixed cells that may be attributed to one of these possible effects of 

fixation (Tables 3.2 and 3.4). The adhesion of T. denticola to Saos-2 and PLE cells was clearly 

affected by fixation, as a higher density suspension of T. denticola had to be used for attachment 

studies when the eukaryotic cells were prefixed. With respect to FPLE cells, while the 

glutaraldehyde fixation did affect to certain extent the T. denticola binding, similar results were 

O btained in adhesion inhibitor studies using either fixed or unfixed PLE (Sections 3.13 and 3.14). 

However, an obvious benefit of using FPLE was noted as no PLE will be detached from the 

substratum once they were fixed with glutaraldehyde which enable the interpretation of results 

frorn adhesion inhibition assays easier (Tables 3.6 and 3.7). For the purposes of the present 

shidy, the FPLE ceIl model was deemed appropnate for adherence studies. 

Another source of intnnsic limitation was the strong proteolytic activity of purified 

CTLP. When anti-CTLP IgG done was used in CTLP-FPLE adherence inhibition assay, no 

significant inhibition effect could be observable (Table 3.14). Immunoglobulins are substmte for 

CTLP Witt0 et al. 1988) and the 

purified enzyme, thus preventing 

specific IgG could have been degraded by the highly active 

effective antibody-antigen recognition. When the antibody 



inhibition assay was done with PMSF-treated CTLP, inhibition of binding was significantly 

greater than that due to protease inhibitor alone (Table 3.14). Similar limitation probably applied 

to study of CTLP adherence to unfixed PLE (Figure 3.30B). The strong proteolytic activity of 

CTLP is probably one reason for the relatively weak adherence even when the assay protocol 

was done relatively quickly and/or carried out at 4 O C .  Some PLE bound CTLP couid release 

itself into the aqueous phase shply by its active proteolytic activities. Aitematively, the 

protease could digest the anti-T. denricola antibodies leading to reduction of the signal. 

PLE cells were also chosen to be the ce11 model for cytotoxicity studies of T. denticola. It 

was s h o w  that PLE ceils were relatively resistant to the chalienge fkom T. denlicola (Figures 

3.16 and 3.18). A high density suspension of T. denticola was needed to kill PLE cells under the 

experirnental conditions tested. However, other ce11 types tested e.g. HGF, HeLa, CHO-K1 

appeared relatively sensitive to the spirochete challenge. Superficiaily, it might seem more 

logical to use sensitive ce11 lines such as HGF, HeLa or CHO-KI, rather than PLE cells for T. 

denticoh cytotoxicity assays. However in chronic inflammatory periodontal disease, wide- 

spread acute tissue desmiction including the JE or pocket epithelial cells is rarely observed (Page 

& Schroeder 1990). It seems, in nature, that the human JE and pocket epithelial cells are 

somewhat adapted to the challenge of subgingival microflora, (including certain levels of 

penodontopathogens). PLE cells were relatively resistant to T. denticola challenge in vitro, 

suggesting that the PLE ce11 was a realistic model to study. 

Considering the same issue from another point of view, one might question whether the 

concentration of T. denricola used in the assays was excessive. This issue can be analyzed from 

two perspectives. Firstly, microscopic enurneration of spirochetes is quite aifficdt due to their 

size and morphology. Furthemore, it is difficult to standardize microscopic counts with colony 



fomiing units, due to the low and highly variable viability of oral treponemes grown on solid 

media. As a consequence, the literature contains a range of more than 2 logs in the reported 

number of spirochetes per mL at a standard optical density (Haapasalo et al. 1991, Ellen et al. 

1994b, Rosen et al. 1994). Th= variation in numbers per mL appears to be due to counting 

methods of individuai investigators. In our studies, the number of spirochetes per rnL at standard 

optical density was at the high end of the range reported in the literature. Therefore, we could in 

fact be overestimating the actuai numbers of T. denticola we used in our challenge assays. 

Secondly, in subgingival plaque from advanced periodontai lesions, up to 50% of observable 

organisms are spirochetes (Armitage et al. 1982, Listgarten 1982). A more recent study showed 

a mean of 1.56 x 10' spirochetes per paper point sample fkom periodontal lesions (Qiu et al. 

1994). Similar recovery rates were also reported using the sarne, as well as different, techniques 

(Koseki et al. 1996). From a case report by Choi et al. (1 994), eight major groups of treponemes 

were identified by partial 16s rRNA gene cloning of PCR-arnplified products of DNA from a 1 

mg (wet weight) subgingival plaque sample of a single periodontai pocket. Only T. denticola 

and T. vincentii were identified, while the rernaining 6 groups were unclassified treponemes. 

Using a culture method, Chan et al. (1993) reported that T. denticola appears to be the 

treponemal species that is most frequently isolated from periodontal pockets, r e c ~ ~ r m i n g  that 

T. denticola is a dominant member of the subgingival spirochete population. Assurning a 1 mg 

subgingival plaque sarnple consists of 50% spirochetes, this is equivalent to approximately 0.3 

mL of T. denticola in late-logarithmic culture (Section 2.8.1). This means that the pocket 

epithelium might be casually facing spirochetes at the magnitude of 10" - 1 O". Taking the srnail 

volume of the periodontal pocket, the concentration or density of T. denticola with which the 

pocket epithelium could be challenged would be comparable or greater than the concentration 



used in the present investigation. In addition, one would have to be mindful of the fact that T. 

denticola and the other subgingival spirochetes are motiIe and capable of chemotaxis. Therefore. 

the JE cells of the periodontal pocket are exposed to dense colonies of spirochetes, including T. 

denricola which are located at the epithelial surface of subgingival plaque. This was reported in 

eariy EM studies on periodontally diseased hurnans and anllnals (Listgarten 1976, Theilade & 

Attstrom 1 98 5) and was recently charactenzed more thoroughly using irnmuno fluorescence 

microscopy techniques (Kigure et al. 1995). 

Msp complex or semi-purified Msp was used for cytotoxicity and patch clamp 

experiments. Great care was exercised during the Msp complex extraction procedures to 

rninimize the chances of CO-puriQing contafninants. Steps including filter sterilization, 

autoproteolysis, ultracentrifugation, ultrafiltration to remove low molecular weight proteins and 

regular monitoring of the extract by SDS-PAGE (Figure 3.3 1) were carried out. It is likely that 

the insoluble cytotoxic T. denticola peptidoglycan would have been excluded during the 

purification. The outer membrane Iipid of T. denficola including the incornpletc LPS-Iike 

substance, however, could be retained after the extraction steps. The study by Grenier and Uitto 

(1993) reported that no PLE ce11 cytotoxic activities could be detected fiom the purified LPS-lika 

materials of ;S denticola. Taking this fact into consideration, no attempt was made to remove the 

LPS-like material, if any, fiom the Msp complex we prepared. However, despite the apparent 

sirnilarities between the cytotoxic effects of Msp and Msp complex on PLE cells including the 

cytotoxicity reduction by specific anti-rMsp IgG or anti-53 kDa protein IgG pre-treatment (data 

not shown), and the fact that Msp complex did create large conductance channels on HeLa ce11 

membrane, we could not d e  out completely the possibility of effects of contaminant CO-purified 

with Msp complex at this point. We are hopeful that with the aid of specific molecular 



approaches specificdly designed for treponemes (as reported recently fiom our laboratory, Fenno 

et cil. 1998b), the full cytotoxic nature of Msp can be established. 

4.2 Current results in cornparison to information available in the Iiterature and their 

implications 

The interaction between T. denticola and periodontal tissues is a complex process. Initial 

adhesion events may involve carbohydrate receptors on the host ce11 surface (Weinberg & Holt 

1990) and as well as Msp-mediated adhesion to ECM components including laminin, fibronectin, 

fibrinogen, collagen, and hyaluronan (Fenno et al- 1996, Haapasalo et al. 199 1, 1992 and 1996). 

Later events include induction of F-actin rearrangernent and induction of membrane blebbing 

adjacent to adherent bacteria (Sections 3.2.3, 3.2.4, Baehni et al. 1992) followed by cytopathic or 

cytotoxic events in the afTected bacteria. 

4.2.1. Attachrnent of T. denticola to eukaryotic host cells 

Based on the previous observation that T. denticola could bind to ECM cornponents and 

serum proteins, it was surprising to find relatively limited spirochete attachment to epithelial 

cells carrying an array of different proteins and proteoglycans on their surface. Scarce T. 

denticola attachment has been reported to other epithelial cells (Keulers et al. 1993% Carranza 

Jr., et al. 1997). PLE and HGF cells were two of the ce11 explants to which attachent of T. 

denticola was reported to be at relatively high levels (Table 4.2). n i e  present investigation 

confirmed this observation (Table 3.2). HSK and HGE did not bind T. denticola at comparable 

levels. 

From the studies conducted with PLE cells, variations in cellular response to the T. 



denticola challenge were observed. Some cells bound no or only a few treponemes while more 

than 80 bactena could be counted on other cells. Increasing the concentration of T. denticola did 

not cause a major shifi in the bindhg patterns. Such preferential T. denficola attachment was 

also reported by othea (Reijntjens et al. 1986, Keulers et ai. 1993% Carrama Jr. et al. 1997). 

The different amounts of T. denticola binding appeared to be associated with physiological statu 

of the epithelial cells. The proportion of PLE cells binding T. denticola and the number of 

attached T. denticola per PLE cells were higher in Young, sparse epithelial ce11 cultures than in 

older, near confluent cultures (Table 3.1). Other research groups using different ce11 Iines (Olsen 

1984, Carranza Jr. et al. 1997), although not as well quantified, reported similar observations. 

Migrating epithelial cells with fiee edges and active cytoplasrnic protrusions are able to form 

effective attachments with other cells, substrate or particles. The cells of epithelial sheets with 

stabilized ce11 contacts lose their adhesiveness and ability to phagocytose (DiPasquale & Bell 

1974, Vasiliev et al. 1975). This is probably the result of reorganization of the supramembranous 

microfilament network (Vasiliev et al. 1975) and loss or relocation of ce11 surface proteins e.g. 

integruis (Finlay 1990, Uitto et al. 1992). 

4.2.2. Cytotoxicity of T. denticola to eukaryotic cells 

In addition to attachrnent to PLE cells, T. denticola could also induce cytopathic and 

cytotoxic changes in PLE cells including detachrnent of the cells from substratum (Sections 3.2 

and 3.3). Because of this, T. denticola attachment was also studied using fixed PLE cells to 

prevent variability due to detachrnent of cells from the substratum. As mentioned in section 4.1, 

any induced modification of receptiveness of PLE cells by T. denticola could not be studied 

under these conditions. Despite that limitation, sirnilar adhesion inhibition assay results were 



observed with both PLE and FPLE cells (Sections 3.1 -3 and 3.1 -4). 

The current investigation showed T. denticola to be cytotoxic and cytopathic to 

eukaryotic cells, including PLE. Mected PLE cells were detached, were kiiled and cytopathic 

changes were induced. Most detached cells were killed and at least some of the attached cells 

were non-viable and appeared to be undergoing apoptosis (Sections 3.2 and 3.3). Some previous 

investigations have focused on investigating the attachment behavior of T. denticolu to host cells, 

while many more have focused on studying the spirochete's ability to modulate host defense or 

defense cells (Tables 4.2,4.3,4.4). Few research groups have studied the cytotoxic or cytopathic 

activities of T. denticola on ce11 lines. Boehringer et al. (1984) reported retardation of 

proliferation of fibroblastic cells upon challenge fiom T. denticda. Ellen's group reported 

cytopathic changes in HGF and KB cells under the effects of T. denticola challenge (Baehni et 

al. 1992, de Filippo et al. 1995, Ko et al. 1998, Yang et al. 1998). Similar cytopathic and 

cytotoxic effects were observable in the current study (Figure 3.3, 3.10 and 3.16). in-depth 

investigations were carried out in the present study to enable the cytotoxic and cytopathic events 

induced in PLE cells to be more comprehensively described. Attempts were also made to 

identi@ and characterize cytopathic/cytotoxic factors fiom T. denricola. The fact that pre- 

heating T. denticola retarded the cytotoxic effect of this spirochete to PLE cells suggested that T. 

denticoh proteinaceous substances might be involved, rather than LPS. The ability of anti-T. 

denticola Msp and anti-T. denticola CTLP sera to inhibit T. denticola cytotoxicity indicated that 

Msp and CTLP are involved in cytotoxicity. The similarities of cytotoxic effects fiorn intact or 

sonicated T. denticola indicated that the cytotoxic elements(s) islare readily available on T. 

denticola, and that induction of new protein expression upon interaction with a PLE ce11 was not 

necessary. The focus for investigating cytotoxic activities was therefore directed towards the 



major OM proteins of T. denticola. 

4.2.3. Major outer membrane elements of T. denticola 

Two major outer sheath elements were investigated in the current study, i.e. CTLP and 

Msp. The OM elements, including the two major proteins, are released to the environment under 

normal growth conditions and during cell lysis. The Msp, similar to other bacterial porins, was 

resistant to proteolytic degradation. These conditions, Le. normal growth and ceIl lysis, resemble 

those found in the gingival suicus or periodontal pocket during idammatory periodontai disease. 

The location and occurrence of the 95 kDa CTLP of T. denficala had been well described and 

characterized (Uitto et al. 1988b Grenier et al. 1990). Recently, treponemal DNA carrying the 

gene or a fragment of the gene encoding the CTLP has been identified and sequenced (Ishihara et 

al. 1996, Table 4.7). 

With respect to investigations of T. denticola Msp, a number of studies have been 

conducted. Umemoto and coworkers (1988) were among the fust to report the identification of a 

53 kDa protein fiom T. deniicola ATCC 33520. They later dernonstrated the outer sheath 

location of the protein (Umemoto et al. 1989). In the same year, Cockayne et al. (1989) also 

reported identification of a major protein of 54 kDa fiom T. denticoIa ATCC 33520 detergent 

extract. They assumed this protein to be a breakdown product of a large, heat modifiable 

polypeptide. This was confirmed in the present study by the dissociation of purified T. denticola 

Msp oligomers into a 53 kDa protein upon heating. The high molecular mass aggregate 

oligomer of T. denticola Msp was highly resistant to hydrolysis by proteases, whereas the 53 kDa 

monomeric f o m  was readily degraded. The native conformation of T. denticola surface proteins 

might protect the spirochete against proteolytic enzymes produced by the bacterial cells 



themselves as well as those produced by the host or other bacteria. 

The Umemoto group (1989) proposed that the 53 kDa protein was a major antigen of the 

ce11 envelope of T. denticola ATCC 33520. Weinberg and Holt (1991) also reported similar 

findings on outer sheath preparation fiom T. denlicola ATCC 35404. They estimated the 

molecular weight of the major antigen to be 58 kDa In the same report, a sirnilar protein band 

fiom different T. denticola strains was aiso identified, the molecular mass was reported to be 60 - 

64 kDa. In later report by TaIl and Nauman (1994), a 56 - 58 D a  major protein fiom T. 

denticola ATCC 33520 was identified. In a Iater report by the Urnemoto group (Nakamura et al. 

1993), anti-53 kDa protein antibody against ATCC 35404 cross-reacted weakly with the 53 kDa 

protein kom strain ATCC 33520. This was similar to the current findings. The present study 

suggested at least some cornmon antigenic determinants between the T. denticola strains tested. 

The antibody against the 53 kDa protein of T. denticola ATCC 35404 cross-reacted strongly with 

the 53 kDa band of strain ATCC 35405 and a clear, although weaker, reaction was observed also 

with the 53 kDa protein of strain ATCC 33520. The present results suggest that the 53 kDa 

protein descnbed is similar to the proteins studied by Umemoto et al. (1988, 1989), Cockayne et 

al. (1989), Weinberg and Holt (1991) and Ta11 and Nauman (1994). 

Initial characterization of the T. denticola Msp in the current study clearly indicated that 

this 53 kDa protein is a porin. Taken together with its previous proposed function as an adhesin 

for cells and/or certain matrix proteins (see Section 4.3.2 Haapasaio et al. 1992), the 53 kDa 

protein joins a select group of porins, including the Chlamydia trachomatis (Su et a[. 1988) and 

Legionella pneumophila (Payne & Horowitz 1987) major outer membrane proteins, which have 

dual adhesion-porin hctions. The single-channel conductance of the 53 kDa protein was 1.8 nS 

in O. 1 M KCl. The estimated channel diameter fkom this measurement was 3.4 nm, calculated as 



per Kropinski et ai- (1987). This represents a porin of very large channel size. Interestingly, 

another reported huge porin c hannel was of spiroc hetal origin, the Spirochaeta aurantia, which 

had porin molecules of 2.3 n m  channel diameter (Kropinski et ai. 1987). This is consistent with 

the concepts that the spirochete may be a primitive filter feeder and that the outer sheath serves 

as a crude controlled filtration device (Delcour et al. 1992) perrnitting fiee flow of nutrients 

through the periplasm during the movement of spirochetes through their environment. 

Interestingly, despite the rather exotic appearance of spirochetes, the properties of the 53 kDa 

porin, Uicluding resistance to protease degradation and detergent denaturation, formation of 

native oligomers, and apparent acidic pl, match those of other memben of the porin family. 

Examination of isolated outer sheaths reveded a hexagonal array. Evidence was 

consistent with this hexagonal array being due to the 53 kDa protein (Figure 3.26). Indeed, the 

approximate magnitude of the regdarly arrayed, more highly stained areas (approx. 5 nm) was 

consistent with the estimated channel diarneter for this protein. Some other porins are also 

arranged in hexagonal arrays, e.g. OmpF h m  E. coli (Steven et ai. 1977), and the major porins 

of Thermatoga maritirna (Rachel et al. L 990) and Bordetella pertusis (Kessel et al. L 988). In the 

latter two cases, the hexagonal arrays can be visualized in the native outer membrane. 

Recentiy, the gene encoding the Msp of T. denficola ATCC 35405 was cloned, sequenced 

and expressed in E. coli (Ferno et al. 1996). Biological activities of the rMsp were studied (to be 

discussed in Section 4.3.4). Conservation of the msp gene in a T. denticola strain with a 62 kDa 

hexagonal Msp (OTK) was demonstrated (Fenno et al. 1997), and this M e r  illustrated that 

possession of Msp on the outer sheath is common to T. denticola strains. 



4.2.4. Biological activities of the major outer membrane elements of T. denticola 

The biological activities of the T. denticola major outer membrane elements were studied 

concurrenùy with their isolation and characterization. Tn addition to the weI1 established 

proteolytic activities of the CTLP (Uitto et al- 1988b, Grenier et la 1 WO), the resdts of the 

current study imply that the CTLP rnight be responsible for T. denticoia adhesion to eukaryotic 

cells. From the findings of the present study (Section 3.1.4.2), it seems that T. denticola binding 

to epithelial cells is specific and may be mediated by an adhesin that also recognizes the s e m  

protein fibrinogen. The fact that treatrnent of T. denticola with protease inhibitors such as PMSF 

and pCMBA inhibited both ce11 binding and CTLP activity (Section 3.1.4.2) suggested that the 

outer membrane associated CTLP played a role in the T. denficola attachrnent. The strongest 

evidence illustrating CnP-mediated attachment was that the antibodies against the purified 

proteinase inhibited the attachment of both the spirochete and the purified proteinase to PLE 

cells. Interestingly, other investigatoe reported that, pre-treatment of T. denticola with P M S F  

did not influence attachrnent to HGF (Ellen et ai. 1994b) and increased attachment to Hep-:! 

epithelial cells up to 9-fold (Wang and Holt 1993). Probably, the contradictions between these 

findings and those of the present study may be due to: i) presence of other 7'. denticola outer 

sheath element(s) that codd mediate binding, and/or ii) differences in the substrate ce11 surfaces. 

This M e r  emphasizes the importance of the proper selection of the ceIl mode1 for bacterial 

attachment experiments (Section 4.2.1). Information is available in the literature documenthg 

that HCE, RPE (Keulers et al. 1993a) and MDCK cells (Carranza Jr. et al. 1997) bind rninimally 

to T. denticola. 

Other biological activities of CTLP, including its cytotoxic activities on PLE cells, were 

also studied. Specific protease inhibitors against CTLP could reduce cytotoxicity of the protease 



to PLE cells. However, the most significant inhibition of cytotoxicity was obtained by pre- 

treating CTLP first with PMSF and then with polyclonal anti-CTLP IgG, suggesting that the 

enzyme activity of the protease was paaially responsible for the PLE ce11 killing. The current 

investigation hypothesized that the 95 kDa CTLP most Iikely possesses some other determinants 

that can create damage in host cells. Attempts to isolate and characterize the T. denticola CTLP 

gene were commenced as early as in the late 1980s (Que & Kuramitsu 1990, Table 4.7). 

However, it was not until recently (Ishihara et al. 1996) that this gene was successfully isolated 

and characterized. The labile nature of native CTLP and the toxicity of expression of exogenous 

outer membrane protein in Escherichia coli may have contributed to the long delay in 

identification of the genes encoding CTLP. Future studies using the native and recombinant 

CTLP peptides may clciri@ the different activities of this molecule. 

Biological activities of T. denticola Msp was also studied (Sections 3.4.3 - 3.4.5). Msp 

was found to possess both attachent to and cytotoxic activities on PLE cells. With respect to 

the T. denticola Msp, not much information is available regarding its adherence to junctional 

epithelium or epitheloid cells. The ability of recombinant Msp to adhere to immobilized laminin 

and fibronectin was reported recently (Fenno et al. 1996). That was complernentary to a 

previous report identiGing the potential role of native T. denticola Msp in mediating attachent 

to extracellular matrix macromolecules (Haapasalo et al. 1992). With the knowledge of the 

abundance of fibronectin expression on PLE cells, particularly the migrating phenotypes, it cm 

be inferred that the T. denticola Msp could bind to PLE cells at least in part through interaction 

with the ce11 bound fibronectins. Attachment of the T. denticola OM protein or semi-purïfied 

Msp to HGF was reported by Weinberg and Holt (1991, Table 4.6). Specific antibody against a 

Msp (64 kDa) of T. denticola strain GM-1 inhibited attachment of the bacteria to HGF. Amino 



acid analysis of cyanogen bromide cleavage fragments of purified Msp fiom T. denticola strain 

GM-1 revealed a fiagrnent of the protein with a seven residue amino acid sequence 100% 

homologous to the integrin alpha subunit of a human leukocyte adhesion glycoprotein. This 

suggested the potential of T. denticola Msp perturbing eukaryotic intercellular attachent 

systems. Vsp has also been proposed to interact with PMN's. Ding et al. (1996) reported that 

partially-purified T. denticola 53 kDa protein induced MMP-8, elastase and cathepsin G release 

kom PMN's, while the challenged PMN's remained viable throughout the 2 h study period. A 

later investigation (Sela et al. 1997) also reported PMN stimùlatory activities of a T. denticola 

dLPP extnct resembling Msp (Table 4.6). 

Other major biological activities of T. denticola Msp reported in the present investigation, 

i.e. the cytopathic andor cytotoxic activities, have not been widely investigated in the literature. 

The present studies are the first to investigate the cytotoxic effects of outer membrane porin-like 

molecules of spirochete bacteria T. denficola pre-treated with buffers at pH 2.0 was found to 

retain its cytotoxic activities (Table 3.9). Under such harsh pre-treatment condition, the T. 

denticola CTLP enzyme activities and the CTLP mediated PLE adhesion would be abolished 

(Table 3 . 9 ,  suggesting T. denticola might possess some other factor(s) with cytotoxic activities. 

Msp complex, however, was found to be resistant to such harsh pH treatment and remained 

cytotoxic to PLE (data not shown). Both Msp and Msp complex were found to be cytotoxic to 

PLE cells and to other cell lines. Cytopathic ef3ects on eukaryotic cells due to translocation of 

bacteriai ponn-like molecules to the ce11 membrane have been reported for Neisseria 

gonorrhoeae (Haines et al. 1991), Salmonella ryphimurium (Galdiero et al. 1993), 

Porphyromonas gingivalis (Novak and Cohen 1991), and Eikenella corrodens (Tufano et al. 

1986). A recent study implicated bacteriai porins in bone resorption (Meghi et a[. 1997), 



presumably through modulation of pro-inflammatory cytokines (Henderson et al. 1996). The 

mechanism of Msp-induced cytotoxicity has not yet been identified, but the current data suggen 

that Msp pore-forming activity is involved. Msp was cytotoxic at monomer concentrations of 

less than 50 nM. Higher concentrations of the Msp complex, however, were required for 

cytotoxicity. This could be due to insolubility of the complex in the reguiar assay medium 

and/or formation of inactive Msp aggregates or artifact during the preparation procedure. 

Discrepancies between the patterns of cytotoxicity of T. denticda to various ce11 types versus 

that of Msp complex, however, was observed (Figures 3.18 and 3.33). PLE cells appeared to be 

the most resistant cells to be tested when whole T. denticola (Figure 3.18) was used while HGF 

and HeLa cells were more resistant against Msp complex (Figure 3.33). One possible 

explanation is that, during the challenge by T. denticola whole cells, probably some cytotoxic 

agent/ factor other than the Msp might also be actively involved. A likely candidate is T. 

denticda CTLP. 

The present investigation showed that Msp binds certain epithelial ce11 surface and 

cytoplasrnic proteins and depolarïzes the epithelial ce11 membrane. Modified 

immunoprecipitation experhents were done to identi@ potential Msp recepton(s) on HeLa 

cells. Msp present in the Msp complex preparation bound to at least one biotin-labeled HeLa ce11 

surface protein of 65 kDa, as well as to several other presumably cytoplasmic proteins including 

a strongly reactive protein of 96 kDa. It is likely that specific interaction between bacterial outer 

membrane components and epithelial ce11 surface cornponents are important for the insertion of a 

bacterial porin into an epithelial ce11 membrane. The 65 kDa protein, a likely Msp receptor, 

remains to be m e r  characterized. The strong signal due to binding of Msp to the "S- 

methionine-labeled 96 kDa protein is intriguing and suggests that Msp may also have specific 



interactions with cytoplasmic proteins. 

Msp is a multifunctional outer membrane protein, with pore-fonning ability and adhesion 

activity toward a number of ECM components. A specific role for the Msp porin activity in T. 

denticola metabolism has not yet been determined. The Msp complex depolarized and increased 

the conductance of the HeLa ce11 membrane. The increase was observed even after substitution 

of Cl- by gluconate, an anion that cannot pass through HeLa ce11 chlonde channels (Takahashi et 

al. 1993). The effect of Msp complex is therefore unlikely to result frorn the activation of 

intrinsic chloride channels in the HeLa ce11 membrane. Complete replacement of Na+ by K' in 

the extracellular solution also failed to block the Msp-induced conductance increase. In 

physiologically normal solutions, the conductance induced by Msp complex showed a reversal 

potential of -1 8 mV, a value that did not correspond to the Nemstian potential of any single ionic 

species present. 

These observations indicated that the Msp complex increased membrane conductance in a 

relatively non-specific manner. The curent-voltage relationship of Msp-treated cells showed a 

greater enhancement in outward current than was seen for inward membrane current, indicating a 

moderate voltage dependency for Msp-induced conductance. 

The relatively non-specific, weakIy voltage-dependent nature of Msp-induced 

conductance is consistent with the Msp complex inducing porin-like channels in the HeLa ceIl 

membrane (Barrier et ul. 1993, Lakey & Panas 1989, Morgan et al. 1990). This hypothesis was 

strengthened by direct observation of charnel-like currents in membrane patches exposed to the 

complex in the patch pipette solution. The slope conductance of these channels was about 0.4 nS 

in a total salt concentration of 0.3 M. This value is lower than the 1.8 nS for Msp reconstituted 

in black lipid bilayer but remains within the range typical of bacterial porins (Benz 1988, Benz 



and Bauer 1988. Berrier et al. 1992). The d e r  conductance d u e  obtained in the prexnt 

midy map reflect a dependence of channel conductance on the reconstitution medium ernployed. 

as pmiously reported for the OmpC p0rÏ.n of E coli (Delcour er al. 1991) and for channels 

fomed by diphtheria toxin (Eriksen et al. 1 991). 

Channels induced by the Msp cornplex in HeLa ce11 membranes exhibitecl only bnef 

excursions into a short-lived open *te. In con- Msp reconstituted in black lipid bilayrrs 

fomed channels. showing very long duration openings nith no evidence of closing transitions 

(Figure 3.28). Porins reconstituted in artificiai membranes exist mainly in the open state. leading 

to the suggestion that these channels import sieve-like properties to the bacterial outer membrane 

(Benz 1988, Xu et al. 1986). However, more recent cell-attached recordings fiom intact bacteria 

suggest that the majority of native porin channels are normally closed. perhaps as a result of the 

presence of intracellular modulators of channel function (Baechner et al. 1990. Delcour et c d .  

1992). The current results support the view that porin channels open infrequently when studied 

in intact biological membranes. However, detexmination of the kinetic and conductance 

properties of native Msp channels in T. denticola awaits patch clamp recordings fiom the intact 

outer membrane of T. denticola. 

The present investigation showed clearly that tested factors which were inhibitory to T. 

denticola adherence to PLElFPLE were also able to affect the cytotoxic activities of CTLP or 

Msp (Tables 3.13 and 3.14). Apparentiy, the adherence and cytotoxic activities of CTLP and 

Msp are closely related. Study of the inter-relationship of CTLP adherence and cytotoxicity are 

somewhat difficult because of the strong proteolytic activity of the protease. Probably, the exact 

rnolecular nature of the CTLP-PLE ce11 attachent must be clarified before the relationship of 

adherence and cytotoxicity c m  be fully elucidated. On the other hand, provided pore/channel- 



formation on eukaryotic ce11 membrane is one key cytotoxic mechanism of MspIMsp complex, 

attachmentfadherence would be a key process of the Msp-mediated ce11 cytotoxicity. To M e r  

investigate this aspect, one could design experiments to test if cytotoxic effects of purified Msp 

would be less when ce11 Iines that do not adhere well to Msp were used. 

4.3 A model hypothesizing the way T. denticola induces cytopathic and cytotoxic eflects 

on PLE cells. 

The following is an attempt at formulating a model to surnmarize T. denîicola induced 

cytopathic and cytotoxic effects on epithelial cells. The model was designed based on available 

information in the literature, the fïndings from the present investigation, and deductive reasoning. 

Because the specific molecular interactions between T. denticola and PLE cells have not yet been 

established, what is presented here is speculative and is by no means detinitive. 

The present knowledge of the nature of the periodontal disease and its chronic course 

suggests that most periodontopathogens, unlike many acute medical pathogens, are opportunists 

and produce their destructive effect as a result of interaction between the pathogen or its 

metabolites and an unfavorable host response. Thus in understanding how an organism, such as 

T. denticola acts as a periodontopathogen, the critical area of knowledge may not be how it might 

induce bone resorption but rather how it may establish a favorable environment in the 

subgingival ecological niche, be sustained there and thrive therein. The cornplexity of the 

subgingival flora and its high variability (Moore & Moore 1994) together with perhaps 

coincidental or consequential alterations of local defense over time must act in the same 

unfavorable direction before periodontd tissue destruction could occur (Figure 4.1). 

From the curent investigations plus information available in the literature, what we learn 



is that T. denticola can resist to a great extent the host defense and immune response (Tables 1.4. 

1.8). T. denticola can aiso modulate local inflammatory responses by degrading human bioactive 

peptides (HBPs). From what could be observed in vitro, T. denticola may be capable of 

destroying the tight junctional epithelium (JE) barrier so that nuûients fiom the host can be 

readily supplied from the comective tissue Iayer to the spirochete in the subgingival 

environment, thereby allowing T. denticola to thrive and flourish. The study of the interaction 

between T. denticola and SE, would therefore, be crucial to the understanding of T. denticola 

colonization and subsequent establishment in the penodontai pocket. Porcine PLE ceIl culture 

was used because it was shown to be resemble JE in vitro (Pan et al. 1995). 

The interaction between T. denticola and PLE cells codd roughly be conceptualized as 

occurring in 3 phases: (1) initial PLE ce11 encounter/attachment. (2) induction of cytopathic 

effects on PLE cells and preparation for more T. denticola attachment, (3) induction of cytotoxic 

effects and killing of PLE cells. Based on the existing knowledge and the current findings, a 

timetable of spirochete-PLE cells interactive events is postulated (Table 4.8). 

It has been established from the current study that T. denticola possess a regular 

hexagonal protein array containing Msp and CTLP in its outer surface. These two proteinaceous 

elements bind to extracellular matrix macromolecules and eukaryotic cells (Chapters 1 and III). 

It was shown that factors that couid inhibit the enzyme activity of the T. denticola CTLP could 

also reduce the attachment of the spirochete to PLE cells (Section 3-14), which indicates that the 

CTLP plays a role in the T. denticola attachment. The observation that the ce11 binding of T. 

denticoh increased quickly and then declined indicated that the attachment mechanism is a 

dynarnic process. The adhesin and the proteinase domains appear to be located in close 

proxirnity on the T. denticola surface. The T. denticola CTLP may expose cryptic epitopes on 



host cells for spirochete binding through CTLP, Msp or other factors. Msp was also identified to 

be able to bind to PLEIFPLE cells. The blocking of either whole T. denticola or Msp attachment 

to PLE cells with anti-Msp antibodies clearly illustrates the role that Msp plays in adhesion of T. 

denticola to living cells. It is likely that rnotility and chernotactic ability of the T. denticola 

would also be very important for the attachment process. 

Once attachment to host cells has been secured, the spirochetes exert effects on the cells. 

Through as yet unknown mechanisms, the cellular cytoskeleton was afYected; namely a 

disorganization and reduction of the cytoskeleton of the affected cells took place. This was 

associated with cytoplasrnic changes such as blebbing, ceIl contraction and vacuolation. Such 

effects were compatible with signs of cellular apoptotic changes. The blebbing and contraction 

may have resulted from effects of the T. dentkola CTLP that degraded the ce11 anchorage protein 

andor fibers. On the other hand, cellular contraction may be a result of loss of volume and 

electrolyte balance control when the T. denticola Msp becomes incorporated ont0 the PLE cells 

and creates very large channels. Recent studies fiom the Ellen group (Ko et al. 1998, Yang et al. 

1998) showed that cytoskeletal disruption, loss of volume control and dismption of calcium 

responses were due to proteinaceous OM components of T. denticola, but were not due to CTLP. 

The Msp andor the CTLP could perhaps also activate latent collagenases or MMPs (Sorsa et al. 

1992, 1995, Ding et al. 1996) into active forms so that the regular host regulated ce11 homeostasis 

will be upset resulting in ce11 detachment and breakdown not just within the epithelial barrier. 

Although it was observed that the PLE cells initially respond to T. denticola by 

expanding and maintainhg the confluence of the monolayer, such spreading of PLE cells could 

lead to expression of more epitope/sites that favor T. denticola adhesion (Figure 3.4C). T. 

denticola Msp, on the other hand, may continue to exert its cytotoxic effects on PLE cells. One 



possible mechanism is disturbance of the PLE ce11 membrane integrity by creating mega- 

channels on the host ce11 surface. Whether the native Msp on T. denîicola surface can create a 

similar effect is not yet clear. 

Some other potential pathogenic factors of T. denticola which might be of importance in 

vivo have been identified (Tables 4.6 & 4.7). These included the 46 kDa cystalysin or the 

hemolysin (Chu et al. 1995, 1997); the 14 kDa hemin binding protein (Chu et al. 1994) and 

several peptidases (Makinen et al. 1994) that can hydrolyze HBPs such as substance P. The T. 

denricola 60 kDa PLC may also play a part in affecthg the stability of PLE ce11 membrane (Chan 

et al. 199 1 ) .  The 59 kDa HGase of the spirochete could also help in affecthg the integrity of the 

monolayer ce11 culture (Scott et al. 1996). The 46 kDa cystalysin can generate large amount of 

H2S, which will be toxic to the host cells (Chu et al. 1995, 1997). Such factors together with the 

CTLP and HGase could modulate the local host inflammatory response, and the local initial 

healing response (e.g. lysis of fibrin etc., Table 4.9). The local defenses, be it innate, adaptive, 

humoral or cellular, could also be affected by T. denficola as demonstrated by various previous 

studies (Table 4.4). These factors cm al1 contribute to the success of T. denîicola in establishing 

itself in the subgingival environment and establishg, perpetuating or modulating penodontal 

disease conditions. 

The current investigation studied and summarized the pathogenic role of the human 

periodontopathogen - T. denticola. However, this study is by no means going to rninimize the 

importance of other known/unknown periodontal pathogens. The knowledge we gained about 

the pathogenecity and vinilence of T. denticola makes a small addition to the complex field of 

polymicrobial host-parasitic interaction involved in human periodontai diseases. Many 

challenges still remah ahead before dental researchers can full understand human periodontal 



disease causation. 



Table 4.1 Treponen~a den~icolu - extracellular niatrix attachnient studies. 

AuthorIYear strain Extracellular matrix studied Attachmcnt Assay Attachment behavior obscrved 

Dawson & Ellen 1990 ATCC 33520, ATCC Fibronectin, RGDS peptides, 
35404, ATCC 35405; collagen IV, laminin 
b, d, e, el, (McGill 
University) 

Haapasalo et al. 199 1 ATCC 35405 Laminin, laniinin fragments, 
fibronectin, GRGDS peptide, 
collagen 1 & IV 

C Nakatani et al. 1992 ATCC 33520 

m 

Dawson & Ellen 1994 ATCC 33520 

Fibronectin, collagen VI, laminin 

Fibronectin, laniinin 

Haapasalo el al. 1996 ATCC 35405 Hyaluronan, collagen I 

Matrix protein coated cover slips for 
T, denricola (in PBS) adhesion, 2 hl 
37°C. Microscopic quantitative assay. 
BSA used as control. 

Binding to fibrinogen and gelatin were 
also tested. Matrix protein coated 
microwells for T, dcnticolu (in PBS) 
adhesion, 1 h, 20°C. ELISA-semi- 
quantitative assay, BSA used as 
control. Effect of pre-treatment on 
spirochete attachment was also tested. 

Matrix protein coated cover-slips for 
T, denticola (in plain DMEM) 
adhesion, 1 h. Microscopic 
quantitative assay. BSA as control. 

T, deriticoh rnethylcellulose niigration 
column. Colloidal gold-EM study. 

Bindins to fibrinogen and BSA were 
also tested. T. der~ricola (in PBS) 
adhesion, I h, 20°C. ELISA assay. 

T. dertticola adhered to fibronectin, 
RGDS peptides and laminin but not 
to collagen IV. Reported tip 
binding of T. denticola. 

T. clenticola bound well to al1 
proteins or peptides tested except 
50 kDa laminin fragment, BSA and 
GRGDS peptide. pCMBA, 
oxidized glutathione, mixed 
glycosidase and heating inhibited 
the T. denricola nttachment. 

T. derttico/a adhered to fibronectin, 
collagen VI, laniinin, and Con A, 

Fibronectin-gold probes clustered 
toward a particular end of T. 
denticola wheri the spirochete was 
in contact with the fibronectin 
coated nitrocellulose, 

T. clenricala bound to hyaluronan, 
T. denricola CTLP might be 
involved. 



Table 4.2 Treponcma dcnticola - eukaryotic cell attachment studies. 

Aut hor/Year Treporientu de~~ticoku St ra in Host Ccll Uscd Assay Conditioiis Att~chrnent Behaviour Observed 

Olsen 1984 B2, Tl, HEK, NCTC Anaerobic incubation. T. detiticola in 
(Forsyth Dental Centre) 2544, Norway culture medium, 1 h. Microscopie 

descriptive study. 

Reijntjens el al. L12D, GPE 23952, UK Aerobic incubation. T. det~ticola in 
1986 (University of Pennsylvania) cell culture medium, 0-48 h. 

Microscopic quantitative assay, 

Weinberg & Holt ATCC 35404; HGF: Aerobic or anaerobic incubation. T, 
1990 GM- 1, MS25, (UTHSC-SA) Gin 1 - ATCC det~~icola niainly in DMEM, I h. 

Gin 3 - explant Radiolabeled ('-'I) treponemes 
quantitative study. 

Cr 

O\ 
Baelini el al, 1992 ATCC 35405; 

u e, e', (McGill University) 
HGF Aerobic incubatioii in plain aMEM 

1 - 17 h. Microscopic descriptive 
assay. 

Keulers et al. 1993 ATCC 33520, ATCC 35404, HCE, HBE, Aerobic incubation. T. denticola in 
a, b, c ATCC 35405; B 1 1, B 12, Netherlands; plain MEM, 6 h. Microscopic senii- 

NyS35, Ny54 1, Ny572, RPE, Denmark; quantitative assay. 
Ny573, (University of GPE 23952, U.K. 
Nijmegen); 
LI ,D, (University of 
Pennsylvania) 

Pan 1993 ATCC 33520 PLE Aerobic incubation, T, det~ricolu in 
plain aMEM, 2 h. Microscopic 
descriptive assay. 

Hyaluronidase treated cells bind fewer treponemes; 
dividing cells bind more spirochetes. 

Attachment plateau at approx. 4-6 hr., 0-40 
spirochetes per cell. 

Strain ATCC 35404 adhered least, Divalent cations 
had no effect on the binding. T, det~ticola surfrice 
lecrin and senim host factor(s) might be involved in 
the binding, 5416 spirochetes per cell, D-Gal, D- 
Man, or D-GalNAc at 50 rnM reduced spirochetal 
adherence to 40%. 

i? cillt~iicolu adhered to HGF. 

Strain ATCC 35404 binding mininially to HCE and 
RPE. 0.1 spirochetefRPE cell, 0,3 spirochetelHBE 
cell. Spirochetes preferably attached to rounded 
RPE ceils. Attached best at 37"C, 6 II. D-Man, D- 
Gal NAc, (not D-Gal), Sialic acid, Na 
metaperiodate, L-phenylalanine, proteinase K, heat, 
fixation and serwm pre-treatment reduced T, 
deriricola adhesion. 

Ce11 explant resembling JE used. 



Table 4.2 cont'd Trcponcma denticolu - eiikaryotic ce11 attachiiient studics. 

- 
Authorffear Treponema clerttkola Strain Host Cell Used Assay Conditions Attachmcnt Behwiour Observcd 

Ellen et ai. 1994b ATCC 35405 

de Filippo et al. ATCC 35405 
1995 

HGF Aerobic incubation. T. deriticola in The number of adlierent treponemes increased 
plain aMEM, 2h. ELISA assay. together with concomitant reduction of fibronectin 

in the niicrowell, PMSF inhibited fibronectin 
degradat ion but not T. denticola adhesion. 

KB, ATCC Aerobic incubation. T. denricola in T. clertticola adhered to KB cells 
CCL 17 plain aMEM, 1-4 h, Microscopic 

descript ive iissay. 

Haapasalo et al. ATCC 35405 
1996 

PLE Aerobic incubation. T. denricola in Pre-treatment of spirochete with hyaluronan 
PBS at 20°C, 1 h. ELISA assay. inhibited binding of 7: denricola to PLE, Gelatin, 

BSA, chrondroitin-4-sulfate, chrondroitin-6-sulfata, 
heparin, derrnatan sulpiiate, glucuronic acid, D- 
GalNAc, D-GluNAc did not inhibit spirochete 
binding. T. denticola CTLP might be involved. 

C 

4 
O Carranza Jr. et al. ATCC 33520, ATCC 3352 1, CL, ATCC Aerobic incubation. T. denticola in T, dertticola did not bind well to MDCK ce1ls. 

1997 ATCC 35404, ATCC 35405; CCL13; MDCK, plain DMEM, 3T°C, 7 h. Microscopie Spirochetes attached better to low confiuency cells, 
ST- 1 O, (Naval Dental ATCC CCL 14 semi-quantitative assay. Variation in amownt of spirochetes attached per cell. 
Research Institutc) 





Table 4.3 cont'd. Studies investigatiiig the in vitro host cell/tissue damage inducible by Trcponcrno denticola. 

AuthorfYear Treponenia deriticoku Strain CelVAnirnal Used Assay Conditions Cell/Tissuc Damage Observed 

Baehni et al. ATCC 35405; e, e', (McGill HGF Aerobic incubation. T. denticola in plain Cell rounded up, blebbing, actin re-arrangement 
1992 University) ctMEM, 1-5 h. Microscopic descriptive and ce11 detachment. trv, heat, metronidazole, or 

study. PMSF pre-treatment of T. deriricola reduced 
detachment of HGF. 

Pan 1993 ATCC 33520 PLE Aerobic incubation. T. denticola in plain Collapsed intercellular spaces and disruption of 
aMEM, up to 20 h. Microscopic study and intercellular junction. Increase in epithelial 
epithelial multi-layer pemieability assay. permeability. Denuded surface of the inultilayer 

PLE culture, blebbing, rounding up, vacuolation, 
disorganization of cellular intemediate filaments, 
loss of cytoplasmic details and definition of 
cellular organelles. 

Gopalsami et ATCC 3352 1, ATCC 35404, " C ~ C I ~  labeled Detergent extracted I: de~~ricola outer T. de~iricola outer membrane preparation appeared 
C 

-4 
al. 1993 ATCC 35405 fetal rat radii and membrane preparation in tissue culture to induce bone resorption. LPS like substance 

rd ulnal organ culture niedium incubated with fetal rat bone orgrin from the extract wns suggested to be responsible. 
culture, 37*C, 48 h., then 120 h. in niedium. 
Assay of %a release over tirne. 

Ebersole et al. GM- 1, (UTHSC-SA) BALBIcJ and Subcutaneaus challenge with spirochetes up Multi-tissue involvenient after subcutaneous 
1995 BALBIcN mice to 15 days. spirochete inoculation 

de Filippo er ATCC 35405 
al, 1995 

KB, ATCC CCL Aerobic incubation. T. derificola in plain T, denricola induced KB cell detachnient fmm 
17 aMEM, 1-4 h,, 37OC. Detachment: substratum. Detaclied cells were non-viable, 

trypsinized cell counting; Viability: smaller in size, while cells on wells were viable 
Propidiun1 iodine exclusion; Cell size and despite showed decreased F-actin, cell diameter, 
volume regulation: Coulter channelyzer to and expression of desrnoplakin 11 and slight 
nieasure trypsinized cells and standard; reduction in keratin expression. ï'reponeme 
Cytoskeleton changes: RITC- phalloidin, induced volunle change were irreversible. 
keratin and desmoplakins expression. 



Table 4.3 cont'd. Studies investigating the bi vitro Iiost ceIlltissue damage inducible by Treponemo dcnticoln. 

Aut hor1Year Treporienia de~tticola Strain CclVAnimal Used Assay Condit ions CclüTissue Damage Observed 

Uitto ar al. ATCC 35405 
1995 

PLE, HGF PLE cells in sparse, confluent and 
multilayer were used. Time-lapse 
cinemicrography to document the T, 
deilricola cytopathic effects on PLE cells. 
Inimuiio-detection of HGF and PLE cells 
related fibronectin aRer spirochete 
treatment, PLE cells rnultilayer 
permeability assay, 

Kesavalu et ATCC 35404; GM-1, MS 25, Normal mice, DEX Subcutaneous injection of T, denticola, 
al, 1997 (UTHSC-SA) niice, neutropenic then observed for abscess, death. 

mice; K R  (out Histopathology of injection site, liver, 
bred) and BALB/c spleen and mesenteric lymph nodes. 

Ko et al. 1998 ATCC 35405 

(in bred) mice 
used. 

HGF Triton X- 100 extracted T, den/icola OM 
prepirration. To deterniine the potential 
mechanisms for the 7: dcnticola detergent 
extract induced cytoskeleton perîurbance. 
Test of the effect of detergent OM extract 
released of interna1 calcium stimulated by 
ATP and thapsigargin. 

T, Jcnricola induced blebbing and disorganization 
of actin and a-actinin of PLE cells. Peri- 
PLE/tlGF cell fibronectin was degraded by i? 
deuficol~. Confluent PLE cells wcre more 
resistant to T, der~ticolu than isolated cells. T, 
denticolu did not seem to invade PLE multilayer, 
however, the spirochete treated multilayer showed 
increased permeability. Immunogald EM showed 
rapid intemalization of CTLP containing T, 
denticola materials into PLE cells vacuoles, 

7: dettticola produced abscess at injection site with 
increased PMNs and macrophages infiltration. 
Pre-treating the spirochete with TLCK or DTT 
could not affect size or severity of the lesion 
induced by T. denficola. Systemic treatment of 
mice that either reduce PMN infiltration (DEX) or 
deplete the PMN in the system did not modify the 
progression or size of the abscesses induced by the 
spirochete. 

Reconstituted l? denticola detergent extract did 
not affect baseline intracellular [ca2'] of HGF, 
however rqular spontaneous cd' oscillations in 
HGF were increased in the initial 20 - 30 min 
post-detergent extract challenge followed by 
draniatic reduction aAer 70 min. Detergent OM 
extract reduced action of ATP and thapsigargin on 
HGF by up to 40% (interna! release). Detergent 
OM extract impaired the cal' replenishment of 
ca2' depleted HGF by 60% (uptake from exterior). 
Action of reconstituted T. deftficola detergent 
extract was sensitive to heat (60°C) but not to 
PMSF. 



Table 4.3 cont'd. Studies investigating the in vitro host cell/tissue damage inducible by Treponen~a clenticola. 

AuthorrYear Treponenia de~iticola Strain CelVAnimal Used Assay Conditions CellITissuc Damagc Observçd 

Yang et al. ATCC 33520, ATCC 35404, HGF Whole 7'. der~ticola and Triton X- 1 O0 T. de~tticolu caused significant reduction of HGF 
1998 ATCC 35405; e, e', (McGill extracted T. der~ricoia ATCC 35405 OM F-min wiihin the first h., especially at the ventral 

University) preparaiion effects on HGF 1Ps 1/3, T. det~ticola and reconstituted detergent 
accumulation, and F-actin extrnct caused proportional increased of HGF cells 
depolyn~erization, up to 140 min assay. with disorganize actin fibres with time, T. 

denricola chnllenged HGF sliowed diminished IPs 
accumulation correspondeci time-wise with 
reduction of HGF F-actin quantity. Pre-treatment 
of T. denticoia whole cetls or reconstituted 
detergent extract with TLCK or PMSF did not 
affect the actin disorganization or IPs 
accumulation effect. 

Fenno et al. ATCC 35405 H wnian Heniolysis assay. T. deriticola was hcmolytic, Hemolytic activity 

Cr 
1998 erythrocytes could be blacked by anti-rMsp IgG. 

4 
P 



Table 4.4 Studies investigating Tkponema clci~ticola n~odulation o f  host defense system. 

Treporrema rle?rticola Cellular Dcfcnse Studied 
AuthorJYear Strain PMN Lymphocytes Humoral Defense Studied Results Obsçrved 

Steinberg et 
al, 1966 

Ghosh & 
Stevens 1967 

Unspeci fied, 
(Forsyth Dental 
Center) 

Unspecified, 
(Harvard School of 
Dental Medicine) 

)-r 

4 
Vi 

Steinberg & Unspecified, 
Gershoff (Harvard School of 
1968 and Dental Medicine) 
Steinberg 
1970 

Lindhe & 
Socransky 
1979 

K 1, Albino rabbits: glycogen 
(Forsyth Dental induced peritoneal cxudates. 
Centre) Chemotaxis: sonicated l? 

denticola in Boyden 
chamber, 1 80 min. 

Spirochetes on freshly 
tanned sheep erythrocytes 
reacted with complement 
inactivated patient sera 
(Healthy, n = 5; 
Periodontitis, n = 9). 

Investigation of anti-T, 
denricofr titer in human sera 
(n = 77, periodontal status 
unknown) by 
hernagglutination and 
cornpleinent-fixing 
techniques. 

Spirochetes on fieshly 
tanned sheep erythrocytes 
with complement 
inactivated patient sera 
(Healthy, n = 9, 
Periodontitis, n = 17). 

Suggested higher titers of 
circulating anti-T, denticola 
antibodies in advanced 
periodontitis patients (8 of 9). 

5% (detected by compternent 
fixing) or 12% (detected by 
hemagglutination) had 
increased anti-T denticola t iter. 

Subjects with moderate 
periodontal involvement had 
higher levels of anti-T, 
denricola reaction; healthy 
subjects had weak reaction, 
subjects with severe 
periodontitis had no reaction. 

Strong cheniotactic nctivity 
induced by spirochetes. 







Table 4.4 cont'd. Studies investigating Trcponeinn denticola modulation of host defense system. 

Trepo!te/?~tr de~rtlcola CeIlular Defense Studied 
Authorff ear Strain PMN Lymphocytes Humoral Dcfense Studied Rcsults Obscrvcd 

Shenker el al. CD- 1 
1984 (University of 

Michigan); 
LL 25 13, LL 25 16, LL 
2519, 
(University of 
Pennsy lvania) 

C 

4 
00 

Suzuki et al. ATCC 33520, ATCC 
1984 3352 1 ; 14, TT, and 

unspecified strains, 
(University of 
Maryland, 
deoxycholate-ethanol 
extract) 

Tew e/ al. D3A 1, D3A9, 
1985 D75APP3, (VPI&SU) 

Effect of sonic extraci of 7: 
denticola on human 
lymphocytes (followed by 
Con A treatment) 
blastogenesis assayed by 
'H-T~R incorporation. 

Normal (n = 24,20.614,1 
y.), LJP (n = 39, 1 7.213 .O 
y.), and GJP (II = 24, 
23.3k4.8 y.) human 
lymphocytes. Blastogenesis 
response of stimulated 
lymphocytes by T. denticolu 
detergent extract assayed by 
' H - T ~ R  incorporation. 

Heat liable sonic extract 
(mainly 100 kDa protein) of T. 
denticola strains (except LL 
25  19) inhibited human 
lymphocyte proliferation 
response to Con A, PHA , 
PWM mitogens, and SKSD in 
terms of DNA, RNA and 
protein synthesis. Lymphocyte 
viability maintained through out 
study period. Prostagltindins 
and H201 were needed for the 
T, denricola induced 
lymphocyte inhibition. 

No significant differences in 
the blastogenesis response of 
the stimulated lymphocytes 
from the 3 clinical groups as 
induced by T. dertiicola 
detergent extract. 

RIA detection of seruni anti- Highest treponenie reaction 
7: C1G'~~ticolu IgG in patients titer of serum from LJP 
with severe periodontitis, n subjects. Low level or lack of 
= 53 (mean 25 y,); LJP, n = antibody in severe periodontitis 
47 (1 9 y.); i-iealthy, n = 52 sera. 
(25 y.). 



Table 4.4 cont'd. Studies investigating Trepmenia dcniicola modulation of host defense system. 

Treporrerrrn deriticoh Cellular Defense Studied 
AuthodYear Strain PMN Lymphocytes Humoral Defense Studied Rcsults Obscwcd 

Boehringer el ATCC 33520; 
al. 1986 LL 2513, 

LL 25 16, LL 25 19, 
LL 2533, LL 2535, 
(University of 
Pennsylvania); CD- 1, 
5 1 B2, (University of 
Michigan); A- 16, F-2, 
(University of 
Nijmegen); B- 1, 
(Forsyth Dental 
Center) 

CI 
Lai et al. CD- 1, (University of 

4 
\O 

1986 Michigan); B 1, 
(Forsyth Dental 
Center) 

Normal human PMN-oxygen 
consumption, 
chemiluminescence, 
degranulation, cell viability, 
TEM study. 

Treponemes incubated with 
hurnan serum induced more 
oxygen consumption, 
chemiluminescence and 
pliagocytosis of PMN. Limited 
degranulation observed even 
after PMN engulfed 
treponemes, Soluble spirochete 
extract inhibited PMN response, 
PMN viability maintained 
during spirochete challenge. 

ELISA detection of seriini IgA and IgG antibody levels to 
anti- T, dettticola sonicate T. dettticoia significant ly 
(supernatant) IgG, or IgA in elevated in AP subjects than 
patients with wntreated LJP or healthy individuals. 
periodontitis, n = 13 (mean 
42 y,); healthy, n = 10, 
(young adults and children); 
umbilical cord blood, n = 1. 



Table 4.4 cont'd. Studies investigating Trepor~cnio denticoh modulation of liost defense system. 

Treportenta de~tîicola Cellular Defense Studied 
AuthodYear Strain PMN Lymphocytes Humoral Defense Studied Results Obscrved 

lshihara 1988, ATCC 33520, 
and lshihara ATCC 3352 1, 
et al. 1992 ATCC 35404, 

ATCC 35405 

Sela et al. ATCC 305405 
1988 

Morinushi er ASLM, 
al. 1989 (University of 

Michigan) 

Sasaki et al. ATCC 33520 
1989 

Effect of 7: denricola sonic 
extract on BALBIc mouse 
splenocyte proliferation 
with or without initogen 
stimulation by 'H-T~R 
assay, 37"C, 72h. 

Nornial human PMN. 
Spirocliete culture 
supernatant and treponeme 
sonic extract induced 
superoxide (0i) or H 2 0 2  
production aftcr 1 O min, 37'C 
incubation. 

Sonicate of ATCC 35405 was 
niitogenic while that of other 
strains were not. Heat labile 
(60°C, 1 O min) sonicates of 
ATCC 33520 (particularly a 90 
kDa protein) caused 
suppression of Con A, PWM, 
or LPS induced lymphocyte 
proliferation (not observed w ith 
sonic extracts from other 
strains). Suppression might bc 
PG related. Lymphocyte 
remained viable, 

PMN remain viable through the 
incubation with 7'. denticola. 
Inhibition of superoxide 
production was not evident 
when either opsonized or un- 
opsonized whole spirochetes 
were reacied with PMNs. 

ELISA detection of seruni No relationship between anti-7: 
anti-7: der~ticolu (fixed) IgG cienficola IgG titer with age. 
in IDD children or 
adolescence. n = 35 (7 - 18 
Y J* 

ELISA detection of seruni Case report of 2 patients, 18 
anti-Ï: det~ticolu IgG in and 20 y, No significantly 
periodontitis patients. increased ariti-T, dettticoli IgG 

titer, 
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Table 4.4 cont'd. Studies investigatiiig Treponema del~ticola modulation of host defense system. 

Treporrertra dertticola Cellular Defcnse Studied 
AuthodYear Strain PMN Lymphocytes Humoral Defense Studied Results Obscrvcd 

Takaliashi et ATCC 3352 1, ATCC 
al. 1996 35405 

T. denticola outer 
membrane preparation on 
BALBIc mouse splenocytes 
mitogenesis, or polyclonal 
B-cell activation at 37OC, 72 
h., measured by MIT assay 
and hemolytic plaque- 
fomiing ce11 technique 
respect ively. 

T. denticda outer membrane 
preparation induced mouse 
splenocyte mitogenesis, 
polyclonal B-cell activation and 
adjuvant activities. 



Table 4.5 Studies on Trepoilem denticda interaction with periodontopatliogens and other members of subgingival plaque Bora. 

det~ficala strain 
Au t hor/Year used Intcracting bactcriitl species Assay Results Observcd 

ter Steeg & 
Hoeven 1990 

Ny375, Prevorella interniedia Ny365 Growth by count ing P. intermecIiu, E. noduttr~ri, l! parvirla, F. ~tucleuturri 
(University of Bîfidobacieriit~n adolescentis Ny369 and 0.D. or their culture filtrates enhanced growth of T. 
Nijrnegen) Eitbacterirtni ulactolytictrm PS406 nieasurenient. pH and denticola in PY medium with serum. Continuous co- 

E, brachy Ny402 redox-potential also culture of i? ciettticola, F. niicleattrni and P. 
E. Ientiint PS538 measured. ittte,niediu enhanced growth o f  the spirochete. 
E. noduttim Ny393 
E. saburreant Ny396 
Ftrsobacteriirrt~ ttircleututrt Ny373 
Lactobacillits catenaforme Ny374 
Peptostreptococcrrs anuerobiiïs Ny407 
P. micros Ny370 
Propionibacreriirnt acnes Ny3 7 1 
Streptococciis mitis PS30 1 
Veillonella purrvila Ny368 
or culture filtrates (medium: ECBA or PY + 10% 
inactivated liurnan serum). 

Grenier 1992a ATCC 35405 Porphyro»to~ias gb~givulis ATCC 33277. FDC Visual coaggregation Only P. gitgiidilis form large coaggregate with T. 
381, HW11D-5 assay. denticola. Heating both bacteria was required to 
P. asaccharoS,rka ATCC 25260, BM4 abolish coaggregation, bimodal coaggregation 
P. endodontalis ATCC 35406 between the 2 bacteria suggested. 
Prevotella intermediu 5 W 2  
P. tneluninogetlica ATCC 25845 
P. loescheii ATCC 15930 
P. deniicola ATCC 33 1 8 5 
Bacteroides lcvii ATCC 29 147. 

Grenier ATCC 35405 Porpllyrontortas girgivalis ATCC 33277. 
199Zb 

Co-culture growth in Mutual syinbiotic enhancement of growth of P. 
BHI-K. Or growth in gingii~ulis and T. denticolu, P. gingivalis provided 
culture filtrate of isobutyric acid for T, denticola growth. 
interacting bacteria. 



Table 4.5 cont'd. Studies on T r e p m e m  denticoh interaction witli periodontopathogens and other members of subgingival plaque flora. 

Twportenra 
denticola strnin 

AuthorNear used Meracting bacterial species Assay Results Obscrvcd 

Nilius et al. ATCC 33520, Porphvr.onionas git~givulis ATCC 33277. Culture Growth by 0.1). P. gittgivalh heat liable proteinaceous factor(s) > 50 
1993 ATCC 33521, filtrates. (medium: Wilkins-Chalgren broth plus nieasurement. kDa enhanced growtli of T. dettticola. Fatty acid 

ATCC 35405; hemin and menadione) and culture filtrate froni P. gitigivalis culture filtrate had no effect. 
D65BR1, N39, extracts. 
IPP, (VPI & SU) 

Onagawa et ATCC 33520, Porp/yrotnorius girigiidis FDC 38 1 ,  ATCC Visual coaggregation Except strain MIY-4, al1 II  dertticolu coaggregated 
al. 1994 ATCC 3352 1, 33277; 16- 1, Tokyo Dental College. assay and phase- with P. giugivulis. Cells and extracted 

ATCC 35404, contrast microscopy. hemagglutinin, heated P. gingivalis FDC 38 1 lost 
ATCC 35405; coaggregation ability with ATCC 33520, No 
MI-2, MAK- 1, significant effect on coaggregation by serum, saliva, 
HAR-2, TAK-3, sugars, arnino acids or EDTA. 
MIY-4, NOM-5, 

w (Tokyo Dental 
College) 

Kolenbrander ATCC 33520, 
et al. 1995 ATCC 33521, 

ATCC 35404, 
ATCC 35405; 
N1681, N17A1, 
(VPI & SU); 
GM- 1, MS25, 
(UTHSC-SA) 

Ftrsobacteriunt nircleurrrni subsp. nircleorut~i PK 
1594; 
F. micleatrttn subsp./irsifortue NCTC 1 1326; 
F, nucleafitrri subsp. polyniorpititrn P K 1909, 
ATCC 10953; 
F. nucleatum subsp. viticentii ATCC 49256; 
F. periodoriiilrm ATCC 33693; 
F. siniiae ATCC 33568; 
F. ulcera~is ATCC 49 1 85 (skin); 
F. niortferirm ATCC 25557 (max, abscess). 

Visual coaggregation T, denricola coaggregate with oral Fzrsohacterirrni 
assay + reversal of strains. Coaggregation could be reversed by d- 
coaggregat ion by galactosamine or lactose but not by L-arginine. 
sugars or L-arginine, 
Inhibition of 
coaggregation by 
heating, protease 
treatnient. 

Grenier 1996a A'i'CC 35405 Subgiiigival bacterial isolates from periodontal Plaque bacteria on T. S r ~ p i i y l o ~ ~ c c t ~  urrreirs (produced bacteriocin like 
healthy individuals. clettticola spread on substance) and Streptococcirs rriiitutrs (produced 

NOS plate - lactic acid) isolates found to be inhibitory to T. 
identification of clettticolu, Isolates of S. uureirs and S. tttutans were 
isolates inhibit ing also inhibitory to Porp/~jvomotias gitrgivalis and 
growth of T. clenticolu. Prevotella ittterrwiia. 



Table 4.5 cont'd. Studies on Treponerna denticola interaction with periodontopathogens and other niembers of subgingival plaque Bora. 

Treport enru 
derit/cola s t rain 

AutharNear used lnteracting bacterial spccies Assay Rcsults Observed 

Y ao et al. GM-1, Bucreroides forsyths 96 i O 3 ~ - ~ d ~  labeled P. 
1996 (UTHSC-S A )  Porphyronionas giugivalis ATCC 3 3277 ingivalis or S. cristu; 

Streptococctcs crista CC5 A. %-methionine labeled 
T. det~ticola. 
Quanti fied 
nitrocellulose blot 
assay in O. 1% Tween 
20-KCI, 2h, 20°C. 

T. denticola adhere to oll bacteria tested, 
demonstrating saturation kinetics. Treponeme bound 
best to B, forsythtcs and P. git~givulis, T, denticolu- B, 
forsythtrs binding pair was only affected by heating 
either of the binding pair. i? detiticola-P. gingivalis 
binding pair was affected by rhamnose, fucose, 
arginine, diluted seruni or saliva and heating both 
binding pair. P. gingivalis fimbriae were not 
involved. T, denticola-S. crista bindiiig pair was 
affected by D-GluNAc, diluted saliva, and heating of 
S. criala. 



Table 4.6 Studies investigating virulence or pathogenic factors of Twpone~na denficolri. 

Trepor t enr a Virulence factor@) 
AuthorN ear detrtkcola st rain Assa y Studied Remarks 

uscd 

Nitzan ei al. 
1978 

Fitzgerald & 
Gannon 1983 

C 

00 Makinen et 
al. 1986 

Ichelson 2, 
lchelson 3, N- 
39, TD2, 
Ambigua, 
MRB, FM, 
TRRD, IPP, 
ST- 1 O, T-32A, 
Miller, (VPI & 
SU) 

Unknown, 
(University of 
Minnesota) 

ATCC 35405; 
Alz, Spira, 
Corha, MI?, 
Sim, Myr and 
H I ,  (University 
of Michigan) 

Fibrinolytic activities by i )  fibrin-agar plate Colurnn senii-purified All strains but ST- 1 O possessed fibrinolytic activity. T. 
assay, ii) 2 fibrin plate assays. culture supernatant. det~ticola fibrinolysin of approx, 1,000 kDa identified. 

Heating to 75"C, 10 min or pH 5.5-9.5 did not affect 
fibrinolyt ic activities. 

Viscometry techniques to nieasure Ccll bound Iiyaluronidase T. detitiColu did not degrade hyaluronan. 
hyaluronan degradation. activity. 

Hydrolysis of chromogenic collagenase FPLC purified sonic ATCC 35405 produced proline iminopeptidases. Al1 
substrates: PZ-PLGPA, azocoll azocasein; extract of T. det~ticolu, strains had strong BANA digesting ability, however, 
2NAs: PNA, OH-P-NA, Pyr-NA, and PNA enzyme > 100 kDa, could not digest azocoll, elastin-orcein, and serum 
BAN A. BApNA enzyrne=45 kDa. nlburnin. pCMBA inhibit PNA enzyme activities. 

Purified PNA enzyme lost most activities with storage. 
BANAlBApNA activities last at least 2 month with 
storage. 

Hydrolysis of i) chromogenic substrates: FPLC purified T, denticolu 69 kDa BApNA peptidase could not hydrolyze, Ah-, 
BApNA, SAAPNA, BAEE, N-cc-p-tosyl-L- 69 kDa (SDS-PAGE) or 50 Arg-, Gly-, Ho-Pro-, Ile-, Leu-, Lys-, Met-, Plie-, Pro-, 
arginine methyl ester, N-a-p-tosyl-L-lysine kDa (gel filtration) Ser, Tyr-, Try-, and VaMNas, nor SAAPNA, casein, 
methyl ester; ii) azocasein; iii) azocoll. BANAIBApNA degrading hemoglobin, azocasein, azocoll, BSA, and gelatin. The 
Other assays included BSA zymograpliy; enzyines. 69 kDa BAyNA enzyme was unaffected by rnetal 
gelatin degradation by plate diffusion assay; chelaiers, or su l fhyd~l  agents while on the other hand 
TCA soluble substances release post- affected by ~ n " ,  Hg', co2' and ~ n " ,  DFP, and 
digestion of: heat-denatured casein, and urea- TLCK. 
denatured henioglobin. 



Table 4.6 cont'd Studies investigating virulence or pathogenic factors of Treponernu denticolu. 

Treponenia Virulence factor@) 
AuthorNear de~~ticola strain Assay Studied Remarks 

used 

Uitto er al. 
1986 

Makinen et 
al. 1987 

Mikx & de 
Jong 1987 

ycr 

00 
4 

Sela et al. 
1988 

Suideo et al, 
1988 

Suzuki & 
Watanabe 
1988 

Clinical 
isolates, 
(University of 
McGill) 

L 12Q 

(University of 
Pennsylvania) 

OT2,OT3, 
ST 1, ST2, 
(Sunstar Inc.) 

Unnamed, 
(University of 
Sliizuko) 

Hydrolysis of: radiolabeled soluble tendon Detergent soluble, T. dertticola extract degraded type IV but not type 1 
type 1 collagen or insoluble lens capsule sonicated, filtered, T. collagen. However, T. denticolu extracts were able to 
basement membrane (Type IV) collagen, der~ticola extract. activate latent HGF collagenase to degrade host 
25"C, 16 h. SDS-PAGE analysis of collagen. Gelatinase and trypsin-like activity present in 
degradation production. extract. Low elastase-like activity detected, 

Hydrolytic activities of PNA and 24 other FPLC purified sonic BANA peptidase, and 3 PNA peptidases identified, 
2NAs. extract of T, dettiicola, The dominant PNA peptidase was a sulfhydryl 

peptidase whicli activities were unaffected by metnl 
chelators. 

Hydrolysis of FITC labeled human keratin 
preparation by T, denticola whole cell. 

Keratin degradation ability dernonstrateci by T, 
denticola. Keratin degraded into small peptides. 

Normal human PMN. Assay of LPS induced Phenol extracted LPS. PMN remained viable throughout the study period. T, 
superoxide (O2') or Hz02 production, 37"C, clenficola phcnol extract inhibited PMN 0; production, 
I O  min. 

Peptidase activities: amino (9), dipeptides T, deriricola whole cell. T, denticola strongly hydrolyzed BANA, Cbz- 
(7), and oligopeptides (6), BANA, BLNA, GGANA, BVGANA, 
BFNA 

Hydrolysis ofp-nitrophenyl-r)-D- Column purified sonic T. Suggested T. cr'niticolu P-D-galactosidase might be 
galactopyranoside. dertiicola extract with P-D- constitutively expressed. Enzyme optimal pli nt 4.5- 

galactosidase activities 5.5. Fe (II) ion stimulated enzyme activity while 
thioglycolate and cysteine were inhibitory. 



Table 4.6 cont'd. Studies investigating virulence or pathogenic factors of ï'reponerna denticola. 

Treponenru Virulence factor(s) 
AuthorNear dentkola strain Assay Studied Remarks 

uscd 

Uitto et al, ATCC 33520, Degradation of i) ' ~ - t ~ ~ e  IV collagen froin 
1988a ATCC 35405 mouse EHS tumor organ culture, or ii) acid 

solublized bovine lens capsule extract by 
spirochete extract at 28°C or 35°C 
respectively (analyzed by SDS-PAGE). 
Degradation of %-type 1 collagen (by SDS- 
PAGE), " ~ - ~ e l a i i n  (by scintillation 
counting, '*'i-fibronection (by SDS-PAGE), 
elastin (Chromogenic substrate used), casein 
(agarose gel diffusion assay), BApNA, 
SAAPNA, and SAAANA by T. denticola 
extract were also studicd. 

C1 

00 
Uitto et a/. ATCC 33520, 1) hydrolysis of transferrin, al-antitrypsin, 

00 1988b ATCC 35405 fibrinogen, IgG, BSA by substrate gel 
zymography, 2) hydrolysis of BSA, a,- 
antitrypsin, transferrin, fibrinogen, IgG, IgA, 
gelatin and soluble type 1 collagen by 
enzymatic digestion followed by SDS- 
PAGE. 3) Spectrophotometrical analysis 
regarding digestion of synthetic chromogenic 
substrates: 2NAs, azocoll, azocasein, and 
sheinazo billiant blue elastin. Eff'ects of 
various compounds on the CTLP ûctivities 
were also evaluated, 

Miyazawa ATCC 35405 Hydroiysis of BANA, BAGFPMNA, Cbz- 
1989 GAMNA and Cbz-PAGPMNA. 

Sonicated, fittered, I: T. deriricola extract degraded ail substrates tested 
detiticola extract. except collagen type 1. 

Gel purified 95 kDa CTLP T. dertricola CTLP hydrolyzed al1 proteins tested. 
from ATCC 35405. Rhemazo brilliant blue elastin was not digested and not 

was BApNA, TGPLNA, ATNA, GNA, PNA and 
MNA. The enzyme specifically digested SAAPNA, 
Heating at 50°C, 1 h. destroyed the activity. Reducing 
agents and EDTA, EGTA increased the enzyme 
activities, PMSF, TPCK, swlfhydryl reagents nnd 
human serum reduced CTLP enzyme activity. 

Whole T. clenticolu. A11 substrates Iiydrolyzed by T. clc.r~ticolu, 



Table 4.6 cont'd. Studies investigating virulence or pathogenic factors of Trepomma dertticolo. 

Treporr ema Virulence factor@) 
AuthorNear deriiicola strain Assay St udicd Remarks 

used 

Siboo et al. 
1989 

Grenier et al. 
1990 

c. 
00 

Kurimoto ef 
Q al. 1990 

Makinen ef 
al. 1990a 

ATCC 33520, PLC activity assay using chromogenic 
ATCC 35404, substrate: NPPC. PLC activity in spent 
ATCC 35405 media, cytosol fractions and membrane 

fractions were tested. lnhibition by EDTA 
was also recorded. 

ATCC 35405 Reconstituted basement membrane 
(Matrigel), type IV collagen, laminin and 
fibronectin degradation. 

Unknown Effect of T. denticola LPS niaterial on 
human PMN lysosomal enzynie release. 
Li~riulus amoebocyte lysate clotting activity 
and systemic effect of T. denricola LPS like 
material to rabbit were also studied. 

ATCC 35405; Hydrolysis of cliromogenic collagen 
Myr, Sim, substrates: PZ-PLGPA, azocoll, azocasein, 
Corlia, H, Spira, elastin-orcein; 2NAs: BANA, BApNA; and 
4412, Hz? FALGPA, 
unnamed T. 
den ticola 
isolates: n=22, 
(University of 
Michigan) 

PMSF and TPCK treated 
protein fiom i) spent 
medium (filtered); ii) 
sonicated extract: 
supernatant = cytosol 
fraction (filtered); 
resuspended pet let = 
membrane fraction. 

Gel purified T. denricola 
95 kDa CTLP. 

Crude T. clenricola LPS 
extract by phenol/H20 or 
phenol/chlorofornil 
petroleum-ether, 

FPLC partially purified 
sonic extract of T. 
dent icola. 

Zr: de~iricolu cytosol and spent media but not membrane 
fraction, contained PLC activity. PLC activity 
inhibited by EDTA. 

95 kDa CTLP was membrane bound. CTLP 
completely degraded fibronectin, laminin, partially 
degraded type IV collagen and Matrigel. 

Linrulics ainoebocyte lysate clotting activity of 7'. 
denticola LPS extract was relatively weak. T, 
derificola LPS extract efkct on PMN lysosoinal 
enzyme release was inconclusive. T, denticola LPS 
extract was pyrogenic to rabbits, 

Semi-purified T. dertticola enzyme could not digest 
ozocasein, senini albumiii, nor 2NAs tested, The PZ- 
PLGPA enzyme was inhibited by EDTA, pCMBA and 
PA. SH group did riot affect the enzyme activities. 



Table 4.6 cont'd. Studies investigating virulence or pathogenic factors of Treponcma denticola. 

Treportem a Virulence factor@) 
AuthorJYear der~tkcolastrain Assa y Studied Remarks 

used 

Makinen et ASLM, Detection of BApNAIBANA digestion 
al, 1990b (University of activities. Study of inactivation of enzyme 

Michigan) activities by carboxyl-group reagent. 

Norton 
Hughes & 
Yotis 1990 

ATCC 33520 Analysis of acid phosphatase activity using 
pNPP as substrate, various pH, 60 min, 37OC. 
Inactivation of acid phosphatase by diazo- 
NDS also tested. 

Yoshida et al. ATCC 35405 Hydrolysis of PZ-PLGPA, azocoll, 
C 1990 azocasein, azoalbuniin, BANA. Effect of 
3 pH, temperature, reducing agent, cations, 

EDTA, protease inhibitors. 

Chan et al. ATCC 35404 Analysis of PLC activity by hydrolysis of 
1991 chromogenic substrate: NPPC microassay. 

Mikx 1991 ATCC 33520; API ZYM assay for peptidase, glycosidase 
Ny375, Ny576, and esterase activities of whole i? denticola. 
BI 1 ,  B12, 
(University of 
Nijmegen) 

50-65 kDa benzoylarginine The benzoylarginine peptidase was irreversibly 
peptidase (Same as OPase inactivated by EEDQ, WRK and EDC, which 
in ATCC 35405?). substantiated the possibility of a reactive carbonyl 

group being in the enzyme. This was a cliaracter 
shared by serine proteases including trypsin. 

Acid phosphatase from i) Optimal pH for i? denticola acid phosphatase were at 
French-pressed ce11 extract; 4.8 & 6.2. F' ion affect the acid phosphatase activities. 
ii) membrane, iii) Acid phosphatase might be periplasmic located, 
cytoplasmic, and iv) 
ostnotic shock fluid. 

Detergent extract of 7'. T. denticola detergent extract could digest PZ-PLGPA, 
dertricola protein. could not hydrolyze azocasein. DTT, glwtathione, 

H202 and EDTA inhibited the PZ-PLGPA-digesting 
activity. TPLK, TLCK, and anti-trypsin did not affect 
the activity. 

Affinity purified from The T. denticolri PLC was of pl 5.5. 
culture supernatant a 60 
kDa PLC using L-a- 
phosphatidylcholine (a- 
lecithin) column or HIAC. 

Glycosidase activities: a-L-fucosidase; peptidase 
activities: +; esterase activities: +. 



Table 4.6 cont'd. Studies investigatiiig virulence or pathogenic factors of Treponema denficola. 

Treporrertr a Virulence factor@) 
AuthorNear de~iticoln strain Assay Studied Remarks 

used 

Miyamoto et 
al, 1991 

Suzuki & 
Watanabe 
1991 

Weinberg & 
Holt 199 1 

Haapasalo el 
al. 1992 

Johnson, 
(Nihon Dental 
University) 

ATCC 35404; 
GM-1, MS25, 
SR-4, SR-5, C- 
l,  C-2, C-3, 
(UTHSC-SA) 

Periodontitis patient serum antibodies against 
recombinant T, deuticola 53 kDa lipoprotein 
detected by western imniunoblotting: AP, 
n=6; healthy, n=2. 

PLC activity assay using chromogenic 
substrate: NPPC. PLC activity in spent 
medium, outer sheath preparation, and outer 
sheath sonic extract. Inhibition by cation, 
EDTA, protease inhibitors also recorded. 

Effect of anti-T. der~ficola GM- 1 64 kDa IgG 
or Fab fragments pretreatment of GM- 1 and 
ATCC 35405 in their ability to adhere to 
HGF. '25~-labeled spirochete assay. 

Binding of laminin, fibronectin, biotinylated 
fibrinogen and gelatin ont0 blot of T. 
de~lficola proteins transferred from a SDS- 
PAGE gel. Binding detected by specific 
antibodies or streptavidin-alkaline 
phosphatase (modified western blot assay) 

Recombinant T. denticola 
53 kDa lipoprotein. 

7: denricola sonic extract. 

HPLC senii-purified T. 
detlticola GM- 1 64 kDa 
major OM protein 

Senii-purificd T, denricola 
53 kDa and 72 kDa 
proteins. 

All AP patient saniples were highly reactive to sonic 
extract of T. denficola. 1/6 patient sera reacted with the 
53 kDa lipoprotein band. None of the healthy subject 
sera reacted with that protein. 

i? denficola PLC inhibited by cu2', EDTA and TPCK. 
DTT and ~ n ' '  enhanced the PLC activities, 

Native major OM protein of GM-1 presented itself in 
oligomeric forms between 1 16- 162 kDa, 64 kDa 
protein appeared to be glycoprotein, Antibodies 
against major OM protein of GM- 1 did not cross-react 
with ATCC 35404 or SR-4 niajor OM protein, Aiiti-64 
kDa Fab fragments inhibited GM-I attachment to HGF 
by 78%. Amino acid analysis revealed a fragment of 
the protein 100% homologous with an integrin alpha 
subunit of a hunian leukocyte adhesion glycoprotein 
p 1 5O,95. 

Fibronectin, taniinin, and fibrinogen attached to the 53 
kDa surface protein and the 72 kDa protein of T, 
denticolu. Pre-treating the blot with fibrinogen 
inhibited subsequent binding of fibronectin and 
laininin. 



Table 4.6 cont'd. Studics investigating virulence or pathogenic factors of Trepo~zema de17ticolo. 

Trepott enta Virulence factor(s) 
AuthorJYear derttkolastrain Assay Studied Remarks 

used 

Makinen et 
al. 1992 

M ikx et al. 
1992 

Sorsa et al. 
1992 

ATCC 35405 Hydrolysis of azocoll, azocasein, FALGPA, 
2NAs, BANA, BApNA, and PZ-PLGPA. 

ATCC 33520 API (extended API and API ZYM) 2-NAs 
(total 68) assay for N-acetyl arylamidase 
activities: amino, dipeptides, and 
oligopeptides. Arginine aniinopeptidase or 
trypsin-like activity: BAMC; phenylalanine 
aminopeptidase or chymotrypsin-like 
activity: Cbz-FNA, PHAMC, SPLP; proline 
aminopept idase or iminopeptidase activity : 
Cbz-PNA, PRAMC. 

Unknown, Detection of the activation of latent human 
wrong ATCC fibroblast (HGF) and human PMN interstitial 
no. quoted collagenases (proMMP- 1 and proMMP-8 

respectively), 1 h incubation at 37°C using 
soluble type 1 collagen, 

Unknown strain Induction of degradation by PLE cells of 
radio-labeled soluble type 1 and 1V collagens, 
3 8 O C ;  reaction product analyzed by SDS- 
PAGE. 

FPLC purification of 62-kDa endopeptidase was a metallopeptidase with 
soluble sonic extract of T. activities not dependent on-SH or serine residue, The 
denricola, a 62 kDa protein enzyme could digest FALGPA, bradykinin and 
(FALGPA-peptidase). bradykinin-related peptides. The enzyme could not 

hydrolyze collagen types 1 and 1V or other collagenase 
substrates or other proteins, 

Whole T. denricola in ATCC 33520 dernonstrated to have AFPANA and 
continuous culture. FPANA (elastase Iike), BAMC, SPLP, and PRAMC 

degrading activit ies. BAMC degradation might be 
mediated by a thiol protease. The CTLP activities of 
ATCC 33520 whole cell, however was not similar to 
that of ATCC 35405, Le, could not be inhibited by 
PMSF and rnarginally affected by HgC12. PRAMC 
peptidase activity blocked by HgCI2. 

Preparative gel purified 95 CTLP had no collagenolytic activity, CTLP, however, 
kDa CTLP, activated latent collagenasas (both HGF and PMN) 

CTLP had no effect on TIMP-1-collagenase cornplex. 

T. dettticola wholc cell, T denticola whole cell and CTLP coiild degrndc native 
extract, and gel purificd collagen IV, denatured collagen 1 and synthetic 
CTLP, collagen substrates. Triple helical collngen I could not 

bc degraded. T. cie~tticola or CTLP could induce PLE 
cells to secrete collagenase. T. denricola extract had no 
effect on TIMP-mediated inhibition of gingival 
fibroblast collagenase nor on fibroblast collagenase 
itself. 



Table 4.6 cont'd. Studies investigating virulence or pathogenic factors of Treponernn denticda. 

Trepori enia Virulence factor@) 
AuthodYear (ler~tico/astrain Assa y Studied Remarks 

used 

Egli et al. 
1993 

Grenier & 
Uitto 1993 

Syed et al. 
1993 

Chu et al, 
1994 

ATCC 35405; 
strains number 
1-7, (University 
of Michigan) 

ATCC 33520, 
ATCC 35404; 
GM- 1, MS-25, 
(UTHSC-SA) 

Black lipid bilayer mode1 membrane assay of T. detilicoln 53 kDa T. denticola 53 kDa OM protein could reconstitute 
puîified T. deniicola protein. Morphology of surface protein channels (single channel conductance of 1.8 nS in O, 1 M 
T. der~ticola OM was also studied by EM. KCI) in black lipid bilayer model membrane. Regular 

hexagonal array was observable under EM from T, 
deniicola OM preparations. 

Toxicity of T. detiticola peptidoglycan and 7: deniicolu peptidoglycan LPS-like material exerted negligible toxic effect on 
LPS-like material towards PLE cells: LDH and LPS-like materials. PLE. T. denticolu peptidoglycan was highly toxic to 
assay and MTT. Morphological effects on PLE, 
PLE cells were also studied by EM. 

Hydrolysis of chromogenic substrate such as Cell suspensions, cell sonic T, denticola could grow in the medium used (under 
2NA: PNA, Pyr-NA, BANA, BApNA, extract supernatant. screw cap) in aerobic or anaerobic environment. 
yGNA, collagenases, azocasein, PZ-PLGPA, Enzymes were prepared Morphology or motility of cells were not affected, 
FALGPA. Detemination of SOD, catalase from column purified sonic Most protease activitics of T. denticola remained 
and peroxidase activities extract supernatant, unchanged. Anaerobically grown cells had higlier 

BANA activities, 

Spirochete passaged > 3x in iron depleted T. denticola OM In hemin limitation, 4 peptides: 73 (membrane), 44,43 
medium. lron-binding protein detection by preparation by freeze- (OS) and 16 (solub~e ceIl fraction) kDa were over 
lithium dodecyl sulfate-PAGE followed by thawing or action of expression as the expense of a 54 kDa peptide. Only 
TMBZ staining. Hemin binding also EDTA-M~" then the 44 kDa protein bound to TMBZ, the 43 kDa protein 
measured. subjected to detergeiit bound weakly. 

extraction followed by gel 
purification of 44 kDa 
hemin-binding protein. 



Table 4.6 cont'd. Studies investigating virulence or pathogenic factors of Treponenta denticola. 

Treporierna Virulence factor(s) 
AuthortYear derificolastrain Assa y Studied Rcmarks 

used 

Chu & Holt ATCC 35404 
1994 and Chu 
et al. 1997 

Kokeguchi et ATCC 35405 
al. 1994 

al. 1994 

Determination of hemolysis and 
hemoxidation activity of sheep RBCs, a C- 
N and p C-S lyase activities on cystathionine 
or S-aminoethyl-L-cysteine with 
homocysteine, cysteamine formation 
detected by GC-MS. 

Periodontitis patient (AP and RPP) sera 
antibodies against T. dertticola 53 kDa 
protein detected by Western blotting assny: 
AP, n=8; RPP, n=10; healthy, n=4. 

Hydrolysis of Cbz-GPNA, and HBPs: 
bradykinin, substance P, neurotensin, 
angiotensins, oxytocin, vasopressin, and 
human endothelin fragnient 22-38. EEDQ 
inhibition was also tested. 

46 kDa cysteine 
desulfhydrase-hemolysin 
or cystalysin. Preparative 
gel purified native and 
reconibinant protein. 

Column purified 
Zwittergent 3- 14 extracted 
T denticola 53 kDa 
surface protcin. 

Triton X- 100 7: denticola 
extract, FPLC purified 76 
kDa POPase, EC 3.4.2 1.26. 

Memolysis and hemoxidation activities of the cysteine 
or sulfhydryl requiring hemolysis were sensitive of 
proteinase K, pronase, DTT, and heating at 8OoC. 
PMSF, TLCK, benzamidine had no effact on the 
activities. PME stimulate such activities. Cystalysin 
was not affected by TLCK, pronase or proteinase K. 
Suggested cystalysin might play important role of H2S 
production NI vivo. 

All periodontitis patient sera samples were highly 
reactive to sonic extract of T. denticola ATCC 35405 
by ELISA. 318 AP, and 6/10 RPP patient sera reacted 
strongly with 53 kDa protein. None of the healthy 
subject sera reacted with the 53 kDa band. 

The 76 kDa POPase hydrolyzed tetra-peptide 
(P3P2PIP1,) up to 3 kDa peptides. An imino acid 
residue in position PI was absolutely necessary. Cbz- 
GPNA hydrolysis inhibited by: insulin B-chnin, human 
endothelin-1, neuropeptide Y, substance P, T-kiiiin 
neurotensin, and bradykinin, POPase was a serine 
endopeptidase. Activities did not affect by metal ions. 
POPase suggested to be outer membrane or periplasmic 
bound. In vivo substrates of POPase suggested to be 
natural, proline containing HBPs, 



Table 4.6 cont'd. Studies investigating virulence or pathogenic factors of Tmponerna denticola. 

Treport ema Virulence factor@) 
Author~Year derrticola strain Assay Studicd Rcmarks 

used 

Rosen 
1994 

et al. ATCC 33520, Substrate gel zymography. Proteins used: Filtered (0.2 pm) culture 
ATCC 35404; Collagen type IV, fibrinogen, albuniin. supernatant. Triton X-114 
GM- 1, crude T. denticola cells 
(UTHSC-SA) extract. T. der~ticola crude 

OM by freeze-thawing, 

Makinen et ATCC 35405 Detection of BApNA degradation. Effect on Triton X- 100 extracted, 
al. 1995a BApNA digestion by different treatment. FPLC purified, 78 kDa 

OPase. 

Makinen et ATCC 35405 HydroIysis of HBPs: substance P, 
al. 1995b bradykinin, Angiotensins; synthetic 

substrates: NSP, SAAPNA. 

Cornbined action of 
purified Z derjticola 
CTLP, POPase, and 
FALGPA-peptidase on 
HBPs. 

Proteolytic enzymes (fibrinolytic) of size ranging from 
91-228 kDa, Protcase enriched by detergent extraction 
and might associate with outer membrane. pH optimal 
at 7-8, Protease nctivity could be blocked by 
sulfhydryl group reagents such as pCMBA, and HgCI2, 
Activity also blocked by PMSF and ZnC12, The 
protease niight be a meniber of i? denricola OM 
oligomer, 

OPase hydrolyzed X-Arg-p-nitroaniline but not protcin, 
Enzyme activities were not cation, or-SH dependent. 
78 kDa OPase was sensitive to chlorhexidine acetate, 
OPase belonged to serine peptidases , OPase: 50-65 
kDa benzoylarginine peptidase equivalent in strain 
ASLM. BApNA hydrolysis followed normal 
Michallis-Menten kinetics. 

lnactivated substance P could be hydrolyzed, by CTLP 
(with high affinity), POPase and FALGPA-peptidase; 
Bradykinin-by FALGPA-peptidase and POPase; 
Angiotensin 1 to Angiotensin I l  by CTLP then POPase 
95 kDn CTLP activity was based on active seryl group, 
active irnidazole group and active carboxyl group. 
CTLP not affected by metal ion. CTLP hydrolyzed 
SAAPNA, calf thymus histone, human plasma 
fibrinogen, caseins, and gelatin. Therapeutic level of 
CHX activated the hydrolysis of SAAPNA by T. 
den~icola whole cell or CTLP. klowever, the converse 
was observed with NSP Iiydrolysis. 



Table 4.6 cont'd. Studies investigating virulence or pathogenic factors of Treponerna deniicola. 

Treponenta Virulence factor@) 
AuthorNesr dertticoka strain Assay Studied Remarks 

used 

Rosen et al. ATCC 33520, 
1995 ATCC 35404; 

GM-1, 
(UTHSC-SA) 

Sorsa et al. Unknown, 
C 
\O 1995 wrong ATCC 
O\ no. quoted 

Uitto et al. ATCC 35405 
1995 

Ding et al. ATCC 35405 
1996 

Fenno et al. ATCC 35405 
1996 

EM visualization of T. cienricola vesicles. 
Substrate gel zymography. Protein used: 
fibrinogen. SDS-PAGE assay of breakdown 
products from, fibrinogen, fibronectin or 
collagen IV. Chromogenic substrate 
hydrolysis: SAAPNA, BApNA, yGNA, 
PNA, N-p-tosyl-Gly-Pro-Lys-p-nitroan il ide, 
FALGPA. Effect of protease inhibitors: 
DFP, PMSF, TPCK, E-64, Cbz-Fak, Cbz- 
FFK, Cbz-FCK, PA, pheny lboromic acid, 
chymostatin, and pepstatin were tested. 

Detection of the activation of latent dental 
plaque collagenase (extract) using 
conventional and affinity chromatography 
and soluble type I collagen. 

Immuno-detection of HGF and PLE cells 
related fibronectin afier CTLP treatment. 
PLE cells multilayer pemeability assay. 

liealthy human PMN incubated with T. 
denticola membrane components, 37"C, S- 
120 min. measurement of MMP-8 release 
versus soluble type 1 collagen; MMP-9 
release versus gelatin zymography; elastase 
versus SAAPVNA; cathepsin G versus 
SAAPNA; NGAL versus western blotting. 

Attachment assay of recombinant Msp ont0 
immobilized laminin, fibronectin and BSA 
using modified ELISA assay. 

Filtered (0.2 pm) culture 
supernatant, concentrated 
to retrieve precipitated 
extracellular vesicles. 
Cnide T. denticola OM 
prepared by freeze- 
thawing. Gel purified 9 1 
kDa protease. 

Preparative gel purified 95 
kDa CTLP. 

Gel purified T. denticolu 
95 kDa CTLP. 

Column purified 53 kDa 
outer membrane protein 
containing some CTLP. 
Peptidogiycan and LPS 
extracts also tested, 

Msp. 

T. denticola produced 50 - 100 nm vesicles in vitro 
with protein composition similar to outer sheath of the 
spirochete. 4 proteolytic bands visunlized in zymogram 
ranged 9 1-228 kDa. A 9 1 kDa protease was purified, 
Upon heating, it dissociated into 72,38 and 35 kDa 
peptides. The 9 1 kDa protease was inhibited by all 
serine protease inhibitors tested except TLCK. Other 
inhibitors for which were sulfhydryl group reagents: 
pCMBA, HgClz and ZnCI2. 

CTLP activated latent dental plaque collagenase. 

Peri-PLEIHGF cells fibronectin was degraded by 
CTLP. CTLP treated PLE cells multilayer showed 
increased permeability. 

Partially-purified 53 kDa protein induced MMP-8, 
elastase and cathepsin G release from PMN. Al1 
membrane components triggered release of MMP-9 and 
NGAL from PMN, PMN remained viable throughout 
study period. 

Recombinant Msp adhered to immobilized laminin and 
fibronectin. Attachment of T, cieriticola to immobilized 
laminin and fibronectin was increased by pre-treatment 
of substrate witli rMsiî. 



Table 4.6 cont'd. Studies investigating virulence or pathogenic factors of Trepotwna denficolo. 

Treporiertia Virulcnce factor(s) 
AuthorrYear denticoh strain Assa y St  udied Rcmarks 

used 

Grenier 
1 W6b 

lshihara et al. 
1996 

Leung et al, 
1996 

Makinen et 
al. 1996 

ATCC 3540 
e', ((McGill 
University) 

5; Degradation of host protease inhibitors: a- 1- 
antitrypsin, antichyniotrypsin, orz- 
macroglobulin, antithrombin I l  1,  antiplasmin, 
cystatin C. Anaerobic activation of 
plasrninogen, 2h. 37". 

ATCC 35405 Hydrolysis of i) iiatural substrates: hunian 
plasma fibronectin, hunian plasma a-1- 
antitrypsin, human IgG, human placenta 
collagen type IV; ii) chromogenic substrates: 
SAAPNA, SAAPLNA + 1 1 other 2NAs. 
Effect of protease inhibitors also tested. 

ATCC 35405 Microscopic and rnodified ELISA assays for 
T, denricola attachment to PLE cells 
rnonolayer. Effects of i) serum proteins: 
BSA, fibrinogen and fibronectin; i i )  specific 
antibodies: ant i-T. deniicola-lgG, anti-95 
kDa CTLP IgG; iii) chernical or physical pre- 
treatment: PMSF, pCMBA, cysteine, mixed 
glycasidase, proteinase K, heating and low 
PH* 

ATCC 35405 PNA digestion. 

Gel purified T. de~~iicola T. deilricola CTLP degraded completely a-1- 
95kDa CTLP. antitrypsin, antichymotrypsin, antithrombin III ,  

antiplasmin but only partially degraded az- 
macroglobulin and cystatin. Whole cells of both stains 
degraded completely antithrombin III, partially 
degraded the rest of host protease inhibitor tested 
except a- l -antitrypsin which could not be digested. T, 
denticola CTLP had no plasminogen activation 
activity. 

Column purified T. CTLP doublet became 3 peptides (38,43 and 72 kDa) 
denticola CTLP, doublet of afler subjected to boiling. Purified CTLP hydrolyzed 
98 and 100 kDa al1 natural substrate tested to different degree. 
(dent i l  isin). SAAPNA activity of CTLP inhibited by PMSF, DFF, 

PMBS; partially affected by EDTA, ZnCI2 and soybean 
trypsin inhibitor, 72 kDa-CTLP fragment could be 
located on T. denticola surface. 

7', denricola whole ce11 and 7', den/icola attachcd to PLE cells in a selective 
purit'ied 95 kDa CTLP. fashion, FBS and fibrinogen inhibited T. denticola 

binding to PLE cells while %SA and fibronectin did 
not. Proteinasc K, 60°C, pli 3.2 pre-treatment of T. 
denticola inhibited the attachment of the spirochetes to 
PLE cclls so as PMSF, pCMBA, and specific 
antibodies against CTLP. The CTLP might be 
invalved in binding of T denricola to epithelial cells. 

FPLC pwrified 30,4 kDa 30.4 kDa PlPase (Pro-Y) could not degrade Pro-Asp 
PlPases (EC 3.4.1 1 S), nor tripeptides except Pro-Gly-Gly. Replacing 'Prot-Y 
Likely to be tetrameric in with other ninino iicid resulted in no hydrolysis. 
vivo. Diethylpyrocarbonate inactivated the proposed owter 

menibrane bound enzyme. 



Table 4.6 cont'd. Studies investigating virulence or pathogenic factors of Treponcma denticolu. 

Trepon ema Viru tence factor@) 
AuthorNear cleriricoln strain Assay Studied Rcmarks 

used 

Mathers et al, 
1996 

Schade et al. 
1996 

Scott et al. 
1996 

Makinen & 
Mlkinen 
1997 

ATCC 35405 Patch clamp assay. Binding of Msp complex 
to HeLa cell (membrane) proteins detected 
by immunoprecipitation. 

ATCC 35405; Protease assays using fluorescence 
D39DP1, (VPI poiarization, substrate: BODIPY-a-casein. 
& SU) 

ATCC 35405 Hydrolysis of hyaluronaii, chondroitin-4- 
sulphate and chondroitin-6-sulphate, 3 h, at 
37°C. Inhibition by Cd, Hg, Cu and Mn ions, 
EDTA, SDS, pCMBA, PMSF, TPCK, 
soybean trypsin inhibitor, DTT, glutathione 
and L-cysteine were also tested. The effect 
of gold sodium thiomalate, rabbit anti-A. 
ntellvera-venom antibodies were also tested. 

ATCC 35405 Hydrolysis of GN A. 

Semi-pwrified detergent Msp coniplex bound to a 65 kDa ce11 surface protein 
extract of T. denticolu-Msp and a 96 kDa cytoplasmic protein of HeLa cell. The 
com plex. Msp complex depolarized and increased the 

conductance of the HeLa ceIl membrane. Short-lived 
channel with a slope conductance of O,4 nS in 
physiological normal saline was detected, 

T. der~ticolu whole cell. ?'. detiticola degraded BODIPY-2-casein, 

T. detificolu culture T. deuticolu produce extracellular HGase. No effect of 
supernatarit hyaluronidase the HGase activities by the inhibitor tested except gold 
or chondroitinase activities sodium thiornalate and anti-bee-venoni antibodies, 
and affinity colurnn Anti-bee-venom (inciuding anti-bee-Hase) cross react 
purified 59 kDa HGase with T. deriticola HGase and were used to demonstrate 
(EC 3.2.1.35). the outer membrane location of T, denficola HGase. 

Triton X-100 T. denficola Native GGT existed as a 213 kDa oligomer and may 
extract, FPLC purificd 26 iiggregate with carbohydrate, The GGT activities 
kDa GGT, EC 2.3.2.2., a increased with presence of glutathione or thiol group, 
metabolite transporting GGT activities not affected by metal ions. Proposed 
agent. GGT to be on outer membrane of T. denticola, 



Table 4.6 cont'd. Studies investigating virulence or pathogenic factors of Treponenta denricolo. 

Treponenra Virulence factor(s) 
AuthodYear derttlcola strain Assa y Studied Remarks 

used 

Sela et al. ATCC 35404; Healthy human PMN. PMN LDCL assayed 
t 997 GM- 1, after challenge by dLPP. Lysozyme 

(UTMSC-SA) activities, PG, LDH were also measured. 

Fenno et al. ATCC 35405 Adherence and cytotoxic effects of CTLP, 
1998a Msp and rMsp on PLE cells. Hemolytic 

activity of Msp and rMsp. Pore forming 
activity of rMsp in model membrane (black 
lipid bilayer assay), and epitheloid (HeLa) 
ce11 membrane (patch clamp). 

Triton X- 1 14 extraction of 
T. der~ticola; detergent 
phase retrieved; protein 
ppt. by cold acetone at 
-20°C; delipidated a 
dLPP. 

Gel purified Msp, rMsp, 
and CTLP. 

dLPP appeared to be similar to crude T denricola 
detergent extract. 53 kDa protein and its oligomeric 
native forms were lipoprotein. dLPP induced LDCL. 
dLPP induced lysozyme re1ease from PMN, but not 
PG, A 14 kDa i? denticola compound had no effect on 
PMN. 

Msp, rMsp and CTLP bound to FPLE cells, Specific 
antibodies blocked adhesion of Msp while adhesion of 
CTLP was partially blocked by combined serine 
protease inhibitors and specific antibodics. Msp and 
CTLP were cytotoxic to PLE cells. The cytotoxic 
activities could be inhibited by the same treatments that 
inhibited adherence. Msp, rMsp heinolysed hunian 
erythrocytes. CTLP did not lyse erythrocytes. Anti- 
rMsp IgG reduced Msp and rMsp hemolytic activities, 
Menn single channel conductance of rMsp was 10,3 nS 
at 10 mV, 1 M KC1, rMsp could generate large 
conductance channel on HeLa cell. 



Table 4.7 Studies genetically identifying and characterizing virulencelpathopnic factors of Treponema denficola. 

Treponenra Virulence 
AuthorA'ear detitlcola strain factor Gene(s) Reported Rcmarks 

used identify 

Que & 
Kuramitsu 
1990 

MacDougall 
et al. 1991 

h> Miyamoto et 
O 
O al, 1991 

Ishihara et al, 
1992 

Arakawa & 
Kuramitsu 
1994 

Ishihara & 
Kuram itsu 
1995 

Johnson, 
(Nihon Dental 
University) 

Protein with 
chymotrypsin- 
like activities. 

Proteases: 
including a 95 
kDa protein 
with 
chymotrypsin- 
like activities. 

Immunogenic 
lipo-protein of 
T. denticola. 

As partate 
carbamyl- 
transferase, 

Protein with 
chymotrypsin- 
like activities. 

Neutra1 
phosphatase, 

prtA - unknown gene size or sequence. Recombinant pXQ 27.2 subclone (containing prtA gene) product 
revealed one SAAPNA hydrolyzing (67 kDa) and one PZ-PLGPA 
degrading enzyme (36 kDa). Anti-native CTLP recognized the 67 kDa 
protein only. The column purified recombinant 67 kDaprtA gene 
product degraded type IV collagen, laminin, and fibronectin but not 
collagen type 1. 

Nil. Recombinant Hind I I I  fiagment of ATdT20 subclone in pJDC9 E. coli 
expressed "Trypsin like" activity. E, coli infected by htDC12 expressed 
a protein with protease activity (degrading albumin) of approx, 95 kDa. 

TdpA- 14 16 bp, 472 amino acids, MW 53 The tdpA gene is consewed in T, dertricola strains ATCC 33520, ATCC 
kDa. 35404, ATCC 35405,OKA-3,s-2 and treponeme strains E-2 1, E-30, 
GenBank: D00598, and Y-181. 

ATCase gene- 1425 bp, 475 amino acids, Recombinant TD 12 subclone (containing ATCase gene) product 
MW 54.9 kDa. revealed the presence of an ATCase protein. Potential Shine-Dalgamo 
GenBank: D 10052. sequence 7-1 1 bp up Stream, Potential-10 and -35 promoter sequences 

identified. T. denticola ATCase gene product showed 33.8% homology 
with that of E, coli. 

pr@-822 bp, 274 amino acids, MW 30.4 Recombinant PrtB protease could be inhibited by PMSF, DFP, TPCK 
kDa but not TLCK, Zn, EDTA also inhibited the protease. Recombinant 
GenBank: L25603. PrtB protein digested BSA, human serum album, casein and hemolyzed 

sheep erythrocytes. It could not degrade collagen types 1, IV, 
fibronectin, fibrinogen, gelatin, IgG and transferrin. 

phoN-1026 bp, 342 aniino acid, MW PhoN phosphatase was membrane associated. Potential Sliine-Dalgnrno 
37.9 kDa sequence 8- 1 2 bp up-stream . 
GenBank: L2542 1 .  



Table 4.7 cont'd. Studies genetically identifying and characterizing virulence/pathogenic factors of Treponeeta denticola. 

Treponenr a Virulence 
Authorff ear denticola strain factor Gene(s) Reported Remarks 

used iden tifv 

Chu et al. ATCC 35404 Hemolysin or hiy-1197 bp, 399 amino acid, MW 4 6 2  Hly in transformants (E. d i )  produced hemolysis and hemoxidation. 
1995, 1997 cystalysin or kDa. ltly deduced amino acid sequence is homo1ogous to pyridoxal- 

cysteine phosphate-dependent arninotransferase, Postulated that the cystalysin 
desulfhydrase. may produce H2S in vivo. 

Heinzerling ATCC 35405 Endoflagellar flgB operon:flgBT, flgCr; fliE7; /liFr, 
et al. 1995, gene aperon. fliGr, jliHT, jlilT, Ji./Tl 
1997 IlgBr - 420 bp, 140 amino acids, M W  

15.9 kDa j7gC7-453 bp, 15 1 amino 
acids, MW 16.5 kDa.JliE7- 366 bp, 122 
amino acid, MW 13.3 kDa.fliFl- M W  
65.1 kDa. fliGi-MW 39 kDa, GenBank 
U 15609 fliH7-996 bp, 332 amino acid, 
MW 75.0 kDa. $ifT- 14 13 bp, 47 1 amino 
acid, MW 5 1.3 kDa. jliJI-459 bp, 153 
amino acid. 

Operonic arrangement of seven genes: 4 flagellar basal body genes- 
homologous to Salntonella typhimirrium, JgB, jlgC, jliE, JiF; a flagellar 
switch component-homologous to S. 0phinturirtmj7iG; 2 putative 
flagellar export proteins genes-homologous to S. typhimuriumJliH, Jlil 
and One gene resembling S. typltit)~irriirn~fliJ was also identified (f7U 
function unknown). Evidence for cotranscription was identified. 
Conservation of flagella genes between T, denticola and other gram- 
negative bacteria was observed, A gufAT gene (protein trafficking and 
degradation) located 5' to the Fjrst putative flagellar gene was also 
identified. Expression offliGT was capable o f  affecting flagellar 
function in other organisms. 

Fenno et al. ATCC 35405; Msp, 
1996,1997, ATCC 33520, 
1998a ATCC 35404, 

OTK, 
(University of 
Minnesota) 

rnsp- 1629 bp, 543 amino acids, MW The Msp peptide had a signal sequence with a potential cleavage site for 
58.2 kDa. signal peptidase 1. Potential-35 and -10 promoter regions and 
GenBank: U29399, U44255, U44256. ribosome binding site were idcntified, Transcription termination 

sequence of nisp was also reported, nisp locus was conserved in al1 
strains tested. High sequence homology in the flanking regions and 
signal peptide coding regions of the tnsp genes from various T. denticola 
strains tested. However, significant differences between regions 
encoding mature peptide could be identified in strains ATCC 33520 and 
OTK, The Msp peptide was reported to be homologous to deduced 
products of a number of open reading frames in the T. pallidunl genome. 









Table 4.9 cont'd. A summary of postulated interactions that rnight occur between T. denficola and human periodontal tissue in vivo. 

Step Stage of i? denticola infection Host response Postulated consequence Suggested pathogenic mechanisms 

(3) Adaptive host defense activation - humoral lncreased anti-7'. dcnticola Ig Severely inipaired humoral Not yet identified. T, denticola Msp or 53 kDa 
levels in AP subjects, however in ininiune response in subjects protein is one of the immunogenic proteins 
severe periodontitis subjects, such may relate to extensive tissue (Haapasalo et al. 1992); T. denticola LPS is also 
response is niininial. destruction. immunogenic in diseased subjects (Yotis et al, 

1995). T, denticola CTLP may degrade Ig in the 
vicinity of the pocket (Uitto et al, t 988b). 

- cellular lnhibited human lymphocyte Upset of the regular adapkive Factors related to such action have not yet been 
blastogenic response to mitogens. cellular immune response in identified. Sucli factor from T, denticola is heat 
Polyclonal B cells activation hast. liable. 
(mouse model). 

(4) Localized damageldestruction of Development of chronic Enabling a favorable habitat CTLP, POPase, PSPase etc. that modulate host 
liost cells and living tissues inflammatory state: by attempted for T. denlicola survival; 7'. inflammatory response (Mükinen et al, 1994), 

t3 
O - pocket epithelial cells wound healing fiom host to repair denticola invasion is rare. CTLP, Msp, 46 kDa liemolysin etc. induced 
vi - extracellular matrix molecules epithelial/connective tissue direct cellular/tissue damage andlor activation of 

- hemolysis breakdown. latent plaqueltissue/PMN collagenase, MMP etc, 
(Sorsa et al. 1992, 1995, Chu et al. 1995, 1997, 
Ding et al. 1996, Fenno et al. 1998). 
Periodontopathogens CO-adhering to 7'. dertricola 
might directly or indirectly create tissue 
destruction. 

( 5  Invasion and/or induction of Degradation of periodontal fibres, Loss of periodontal attachment As above. T. denticola LPS maybe responsible 
alveolar bone resorption activation of local osteoclastic and bone support; occasional for triggering bone resorption (Gopalsami et al. 
- indirect degradation of activities probably due to transient occurrence. 1993, Table 4.3). 

periodontal fibres alteration of host defense that 
favors tissue destruction. 
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Figure 4.1 Bacterial risk assessrnent mode1 for progressing penodontitis. (From Wolff et al. 
1994.) 



CHAPTER V Conclusions 

As outlined in the review article by Femo and McBride (1998), the prevalence of and the 

role as specific potential pathogens of spirochetes in certain severe periodontai conditions and 

their intimate contact with epithelial tissue had been studied with great interest. However, 

progress in charactenzation of spirochetes lagged in cornparison to other potential periodontal 

pathogens, largely due to technicai dificulties in isolating and culturing spirochetes fiom dense, 

microbially complex subgingival plaque. Oral spirochetes were subsequently ignored in many 

studies of the microbial etiology of periodontal diseases, especialiy in those using viable counts 

of potential pathogens as indicators of association with disease (Fenno & McBride 1998). T. 

denticola is by far the best characterized of the seven currently cultivable oral spirochete species. 

It exhibits numerous behaviors and products consistent with an important role in periodontal 

disease etiology. In addition to aiding in defuiing the etiology of penodontal disease, 

characterization of T. denticola disease-causing behaviors may enhance understanding of similar 

behaviors in other pathogenic spirochetes. The objective of the present study was to investigate 

biological activities of T. denticola relative to its potential virulence. The present investigation 

concentrated on certain highly expressed outer membrane cornponents that mediate its 

adherence, proteolytic activity, and cytotoxic effects. 

An in vitro junctional epithelial ce11 mode1 was used to study the above rnentioned 

actions and the potential virulence factors of the T. denticola outer membrane ( O M ) .  Study of 

the T. denficola whole cell, partially purified, or purified OM elements interaction with host 

eukaryotic cells reveaied the following: 

1. T. denticola codd adhere to PLE cells and other eukaryotic cells in culture with varying 



affinities. The spirochete - eukaryotic ce11 binding appeared to be the result of a complicated 

spirochete - host ce11 interaction process. 

T. denticola induced cytopathic and cytotoxic changes in eukaryotic cells in culture. 

Cytopathic changes induced membrane disruption, vacuolation, loss of cell contacts, loss of 

cell size control and cytoskeletal rearrangement. Cytotoxic effects included detachment, ce11 

lysis and apoptotic changes of PLE cells, 

Major T. denticola OM protein elements, narnely, chymotrypsin-like protease (CTLP) and 

major surface protein (Msp) were isolated for various expenments. CTLP had been well 

characterized previously. Msp was found to be a major oligomenc protein consisting of 53 

kDa protein subunits on the OM of T. denticola where CTLP also CO-localized. Msp 

appeared to constitute one of the major elements of the hexagonal structure of the spirochete 

that also possessed porin function on an artificiai lipid bilayer. 

T. denticola CTLP and Msp were involved in the attachent to and cytotoxicity towards PLE 

cells, 

Purified CTLP, semi-purified Msp (or Msp complex), and purified Msp could attach to PLE 

(or FPLE) cells and were also found to be cytotoxic to PLE cells. 

Msp complex bound to a putative epithelial ce11 (HeLa cell) surface receptor and was shown 

to form large conductance ion channels (0.4 nS) on the HeLa ce11 cytoplasmic membrane. 

T. denticola in vitro infection was carried out using porcine PLE cells as a junctional 

epithelial cell model. In conclusion, T. denficola ATCC 35405 can adhere to and is cytotoxic 

towards epithelial cells and the adhesion and cytotoxicity are mediated by OM components 

including Msp and CTLP. Experiments suggested that the strong proteolytic activities of CTLP 



and the pore-forming activity of Msp were responsible for the cytopathic and cytotoxic effects of 

the putative periodontopathogen T. denficola. 
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