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SUMMARY

Periodontal disease is one of the major causes of tooth loss today. It is an
inflammatory disease of the gingival and supporting structure of the periodontium.
Although there are several bacteria that are associated with the disease, one of the
main bacteria associated with the onset of the disease is Porphyromonas gingivalis, a
Gram-negative bacterium. The bacterium has been shown produce a variety of
different virulence factors, including Jipopolysaccharides, fimbriae, proteinases and
haemagglutinins/adhesins. The proteinases produced by the bacterium are termed
“gingipains”, and are thought to be very important virulence factors. The bacteria
produce arginine- and lysine-specific gingipains, with the two major forms of the
gingipains-R being HRgpA, a 95 kDa catalytic domain covalently linked to
additional adhesin/haemagglutinin domains and RgpB, a 50 kDa catalytic domain
with an Ig-like domain. Kgp, the lysine-specific gingipain is a 105 kDa proteinase |
composed of a catalytic domain and additional adhesin/haemagglutinin domains like
HRgpA. Functions of the gingipains and their role in helping the bacteria grow and
colonise within the host environment, makes thern important targets in combating the

progression of periodontal disease.

The main focus of this study was to determine the specificity of the gingipains, to
gain maximum knowledge to aid in the design and development of a specific
inhibitor. Initially, work was carried out to purify the individual gingipains, HRgpA,
RgpB and Kgp, in their active forms. During the purification of the gingipains, J
RgpA.a, the catalytic domain of HRgpA, and Kgp.., the catalytic domain of Kgp, .

were also purified. The purification of Kgp.s was an important achievement, as this




study was the first to describe its purification from the culture supernatant of
P. gingivalis. Purified RgpA., was used in a study to help establish the differences
in specificity between HRgpA and RgpB at Py’ and P;'. The study on the P»' and P+’
specificity of the gingipains showed that there was a difference in specificity
between the two gingipains. Comparison of the catalytic domain of HRgpA and
RgpB found the catalytic domains of the two gingipains to be identical except for a
four amino acid substitution in the active site of HRgpA compared to RgpB. RgpAca,
was used to determine that the difference in specificity was due to the amino acid
substitutions in the active site and not the additional adhesin domains. Further
experiments to establish the function of the adhesin domains indicated that they
helped the gingipains attach to a protein or peptide substrate, but played no role in

determining the specificity of the gingipains.

An extensive study to determine the specificity of gingipains-R and gingipain-K was
carried out to gain an insight into the effect of residues at each site from P3- Py'in a
substrate, in order to design and develop specific inhibitors to target the respective
gingipains. Primary sets of peptides were screened for specificity of each gingipain at
positions P3- Py', following which a second series of peptide inhibitors were designed
using the results from the first round of screening. The second set of peptides was
designed with substitutions of amino acids that were found to be the “best” peptide
inhibitors in the first round of screening. The method of design used in the second set
of peptides was based on the principle of additivity in the binding of substrate
residues to the enzymes, wlﬁch assumes that each individual enzyme subsite

interaction with the substrate would add to the overall interaction in an independent




manner, such that the overall interaction was a simple sum of the interaction at each

subsite.

The study reported in this thesis determined not only a difference in specificity of the
three gingipains, but also established that mechanism of specificity for gingipains
towards substrates is not additive but cooperative. The mechanism of cooperativity is
based on the principle that binding of each amino acid in the substrate at each subsite
would affect binding of amino acids at other subsites. The finding that the binding
mechanism for gingipains towards substrates 1s cooperative, makes this mechanism
difficult to predict for a P3-P3’ substrate, as the number of interactive and cooperative
effects which might be occurring would be enormous. Thus, the principle of rational
inhibitor design is most likely not an appropriate approach for the design of
inhibitors for gingipains. Instead, random inhibitor screening appears to be a more

suitable approach for the design of peptide inhibitors for the gingipains.

The study in this thesis not only determined the specificity of gingipains and
established the underlying principle for the binding of gingipains to substrates, but

also determined that rational inhibitor design is most likely not suitable for the

gingipains.
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CHAPTER ONE

INTRODUCTION




1.0 General

Periodontal infections are recognised as one of the most common diseases affecting
humans. Not only does the disease cause great discomfort and economic loss, recent
epidemiological evidence suggests that the infection may have systemic
consequences, such as cardiovascular diseases and the delivery of pre-term infants
and low birth rate babies (Beck er al., 1996; Page, 1998). The oral cavity i1s home to a
menagerie of bactenial species. This makes the etiology of periodontal disease a
major focus of oral research. Although over 300 different bacterial species reside in
the subgingival niche, only a few of the species are responsible for the initiation and
progression of the disease, namely Actinobacillus actinomycetemcomitans,
Fusobacterium nucleatum, Bacteroides forsythus, Campylobacter rectus, Prevotella
intermedia, Treponema vincentii, T.denticola, T. pectinovorum, Selenomonas
sputigena and Porphromonas gingivalis (Holt et al., 1999). Nevertheless, a
consistent association has emerged between Porphyromonas gingivalis and severe
manifestations of periodontal disease (Schenkein, 1998). There are several distinct
clinical stages of periodontitis, with the most common form being chronic
periodontitis (adult periodontitis), in which P. gingivalis has been implicated as the

major causative agent (Haffajee and Socransky, 1994).

I




1.1 Periodontal Disease

Periodontal disease is a group of inflammatory diseases of the gingiva and the
supporting structures of the periodontium. The disease is characterised by a group of
infections leading to chronic inflammation of the gingivae termed gingivitis, which
results in bleeding of the gums, gingival redness, oedema, increased flow of gingival
crevicular floid (GCF) and changes in the structure of the gingiva (Cimasoni, 1983;
Greenstein, 1984), eventually leading to periodontitis. Periodontitis is the destruction
of the periodontal tissue, which results in loss of periodontal ligament and connective
tissue attachment to the teeth, swollen, red and bleeding gums, and loss of alveolar

bone, which leads to the undesired event of tooth loss (Lamont and Jenkinson, 1998)

(Fig. 1.1).

Periodontal disease is classified into several distinct clinical stages; chronic
periodontitis, aggressive periodontitis, periodontitis as a manifestation of systemic
diseases, necrotizing periodontal disease and many other forms (Armitage, 1999;
Wiebe and Putnins, 2000). The two main types of periodontal disease are chronic
periodontitis and aggressive periodontitis. Both types of the disease are sub-classified
into two different stages, localised and generalised, dependent on the severity of the
disease. Chronic periodontitis (adult periodontitis) is characterised as occurring
mostly in adults 35 years or oider, but at times can also be seen in younger people.
Chronic periodontitis progresses slowly with occasional bursts of destruction.
Aggressive (early-onset) periodontitis is associated with individuals 35 years or
younger (Loesche and Grossman, 2001). This form of periodontitis is characterised

by rapid loss of attachment and bone destruction (Armitage, 1999).




The plaque biofilm that forms on the soft and hard tissue of the oral cavity is a
dynamic system that is composed of diverse microbial species. Each
periodontopathic bacterial species possesses or secretes a large number of
biologically active molecules that act on the host tissue and cause its destruction. In
fact, many of the virulence factors have been shown to have a direct pathogenic
effect on the host by triggering the host inflammatory system. Many of the host-
derived hydrolytic enzymes and destructive cytokines produced in response to the
bacterial virnlence factors cause destruction of the host tissue and alveolar bone

surrounding the tooth root.

P. gingivalis has been shown to be highly prevalent in plaque samples from patients
with chronic periodontitis (Loesche and Grossman, 2001). Since the clinical
syraptoms of periodontal disease are almost always significantly associated with the
overgrowth of P. gingivalis, along with B. forsythus and T. denticola in the
subgingival plaque, treatments or methods to suppress the growth of the bacteria and
eliminate them from the sites of infection have been the focus of many studies
(Moore ef al., 1982; Socransky and Haftajee, 1992; Socransky ef al., 1598;
Loesche and Grossman, 2001). Studies carried out have detected an increased
prevalence of P, gingivalis at diseased periodontal sites (Socransky et al., 1991). The
strong association of the bacterium with the progression of the disease makes it an

ideal candidate for further investigation.




1.Healthy gums
Healthy pink gums

2. Gingivitis
Tender, inflamed and
bleeding gums

g Air&' oY

3. Periadentitis

Receding gums and
formation of pockets
between the teeth and gums

4.Advanced Periodontitis
Destruction of bone and
periodontal ligament
resulting in loose

teeth.

Figure 1.1. Progression of Periodontal disease
Photographs and schematic representation of individuals with 1) Healthy gingiva;
2) Gingivitis; 3) Periodontitis and 4) Advanced Periodontitis (Taken from the

website with address http://www.dentalgentlecare.com/picture gum_disease.him)
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1.2. Porphyromonas gingivalis

Porphyromonas gingivalis, a Gram-regative, black-pigmented anaerobe is a non-
sporing, non-motile and fimbriated, short rod, which has been implicated as the
major etiological agent of periodontal disease (Fig. 1.2). The organism is
asaccharolytic, and is dependent on nitrogenous substrates such as amino acids and
peptides for nutrition (Shah and Gharbiza, 1989). Iron is an essential requirement for
the growth of the bacteria, and is acquired mainly from hemin (Bramanti and Holt,
" 1991). The proteolytic processing of a number of hemin containing compounds such
as haemoglobin, myoglobin, haemopexin, haptoglobin and methaemoglobin can also
be a source of hemin (Barua et al., 1990; Fujimura ef al., 1995). P. gingivalis stores
hemin on its cell surface, giving rise to the characteristic black-pigmented

appearance of its colonies (Genco, 1995}.

1.2.1 Virulence factors of P, gingivalis

The first step in colonisation and pathogenicity is the adherence of a bacterium to its
host, P. gingivalis survives and accomplishes colonisation in a hostile environment
by producing a variety of virulence factors including lipopolysaccharides, a
polysaccharide capsule, haemagglutinins, outer membrane vesicles, fimbriae,
hemolysins and proteases (Lamont and Jenkinson, 1998). Virulence factors produced
by the bacteria are active against a variety of host proteins and provide mechanisms
for successful evasion of the host antimicrobial defenses (Holt et al., 1999). One
protective mechanism of the bacterium is the production of a polysaccharide capsule,
which functions as an antiphagocytic virulence factor. The thick capsule of various

P. gingivalis strains is mainly composed of sugars, and functions by increasing




resistance of the bacterium to opsonisation and phagocytosis (Chen et al., 1987,
Haapsalo et al., 1989). Although, P. gingivalis produces several virulence factors, the
main focus of this thesis is the cysteine proteases, which have been shown to be
important in the pathogenesis of the bacteria. The fimbriae of this organism, along
with the lipopolysaccharides it produces, have been investigated thoroughly, and
have aiso been found to play an important role in the pathogenesis by the bacteria,

and thus will be discussed in detail in the following sections.




Figure 1.2. Electron Micrograph of Porphyromonas gingivalis cells
Electron micrograph of the bacteria, which are 0.5-0.8 by 1.0-3.5 um in diameter.

(Taken from http://www.pgingivalis.org)

1.2.2 Fimbriae

The primary phase in most bacterial infections is adherence to host tissue (Ofek and
Doyle, 1994). P. gingivalis possesses fimbriae, which are fine fibrillar appendages
arranged in a peritrichous manner on its cell surface. The major fimbriae found on
the surface of the bacteria are composed of fimbrillin (FimA), a monomer of 43 kDa
(Lantz et al., 1991). Adherence of the bacterium has been shown to be at least partly
mediated by the fimbriae, which have affinity for binding to fibroblasts, epithelial
cells, and components of the extracellular matrix such as collagen, fibrinogen,
fibronectin and laminin (Holt er al., 1999; Lamont and Jenkinson, 1998; Hamada et

al., 1994; Naito et al., 1993; Kontani et al., 1996). The binding of the fimbriae is




enhanced by proteases that the bacterium produces, suggesting an important role of
the proteases in the initial attachment of the bacteria {Kontani er al., 1996). The
fimbriae are capable of eliciting several important host-mediated responses that
could cause destruction in vive. Some of the responses include stimulating IL-1,

IL-6, IL-8 and tumour necrosis factor-o (Ogawa, 1994).

fimA is directly responsible for many of the adhesive properties of P. gingivalis.
Binding has been shown to be mediated via a number of domains located throughout
the molecule, but clustered predominantly at the C-terminus (Lamont and Jenkinson,
2000). The fimA gene occurs as a single copy, with four genes downstream of fim4
whose products might be associated with the fimbriae (Dickinson et al., 1988;
Watanabe et al., 1996). Hemin concentration, temperature and salivary molecules are
all factors that affect the expression of fim4 (Xie et al., 1997). Since the expression
of fimA can be controlled by various environmental factors, the fim4 gene could thus

assist in the survival of the organism in the oral cavity.




1.2.3 Lipopolysaccharide

Lipopolysaccharide (LPS), a major component of the gram-negative bacterial cell
membrane, is a key inflammatory mediator and is recognised by various host defence
proteins. LPS produced by P. gingivalis evokes highly unusual host cell responses,
activating human monocytes by a CDl4-dependent mechanism, but inhibiting
endothelial cell expression of E-selectin and interleukin 8 (IL-8), which are normally
induced by other bacteria (Shapira et al., 1994; Darveau er al., 1995). Although the
endotoxic activity of P. gingivalis LPS is very low compared to that of LPS isolated
from enterobacteria, it is a potent inducer of bone resorption, TNF-&t secretion,
inhibition of bone formation, polyclonal B-cell activation and fibroblast proliferation
(Darveau et al., 1995; Ogawa, 1994; Reife er al., 1995; Mayrand and Holt, 1988;

Millar er al., 1986; Mundy, 1991; Aleo, 1980; Shapira er al., 1994).

LPS is estimated to be in the range of 10kDa and larger. The hydrophilic end of the
molecule consists of the polysaccharide or O-antigen, which is on the outer surface
of the membrane and is exposed to the environment. The hydrophobic end of the
molecule is the core region, buried within the outer leaflet, which connects the O-
antigen to the hydrophobic end of the molecule or lipid A (Holt er al., 1999).

Although LPS is generally considered a bacterial component that alerts the host to
infection, P. gingivalis LPS may selectively modify the host response as a means of

facilitating colonization.




1.3 Proteases of P. gingivalis

Although the primary function of proteases produced by asaccharolytic bacteria such
as P. gingivalis is to provide peptides for growth, proteases are also directly involved
in tissue invasion and destruction by bacteria and in evasion and modulation of host
immune defences. The potentially most significant virulence characteristic of P.
gingivalis is the large number of hydrolytic enzymes that are produced by essentially
al! of the known strains (Kuramitsu, 1998; Curtis et /., 1999). The majority of these
enzymes are exposed at the surface (on the outer membrane) of the bacterium where
they can come in contact with host cells and tissues, within the periplasmic space
from where they are capable of being transported to the cell surface, and in outer
membrane ves