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ABSTRACT OF THE DISSERTATION

Mechanisms of Oxidative Stress Resistance in Porphyromonas gingivalis W83
by
Neal Antonio Johnson
Doctor of Philosophy, Graduate Program in Microbiology and Molecular Genetics
Loma Linda University, June 2004
Dr. Hansel. M. Fletcher, Chairperson

Porphyromonas gingivalis is one of the most important bacterial etiological
agents involved in adult periodontitis. It possesses several virulence factors which aid in
its persistence in the periodontal pocket leading to the development of some systemic
illnesses. As an anaerobe, P. gingivalis must employ mechanisms to avoid oxidative
stress generated by reactive oxygen species during phagocytosis, or the occasional
exposure to air. Presently, only three proteins with antioxidant enzymatic function have
been identified as playing a role in oxidative stress resistance in P. gingivalis. In this
study, attention was focused on the alkyl hydroperoxidase subunit C (ahpC) and
bacterioferritin comigratory protein (bcp) genes, DNA repair mechanisms and the unique
hemin layer of P. gingivalis. We tested the physiological function of the isogenic ahpC
and bcp mutants to hydrogen peroxide. When compared to the wild-type P. gingivalis
W83, both the ahpC and bcp isogenic mutants, designated FLL141 and FLL301
respectively, demonstrated a greater sensitivity to hydrogen peroxide. However when
tested in an animal model of virulence, the virulence potential of these mutants was
similar when compared to the wild-type. These data suggest an involvement of these
genes in oxidative stress protection but not in virulence. Further, recent reports indicated
xiv

that the hemin layer was involved in protecting P. gingivalis from hydrogen peroxide.
Consequently, the hypothesis that a non-pigmented strain of P. gingivalis, FLL92, would
be more sensitive to oxidative stress than the wild-type P. gingivalis W83 was
investigated. Interestingly, when compared to the parent strain, FLL92 was more resistant
to hydrogen peroxide. As a result, the hypothesis that P. gingivalis FLL92 would incur
more DNA damage than the wild-type was investigated. Data from these experiments
demonstrated an increase in the oxidative DNA lesion 8-oxoguanine and its related
enzymatic removal activity in P. gingivalis FLL92 in comparison with the parent strain.
Additionally, a novel removal activity for 8-oxoguanine from duplex DNA was identified
in P. gingivalis when compared to other oral anaerobes. Collectively, these data suggest
that P. gingivalis W83 may utilize antioxidant enzymatic activity, the hemin layer and
DNA repair enzymes as part of an intricate defense mechanism against oxidative stress.

xv

CHAPTER ONE

A. INTRODUCTION
Porphyromonas gingivalis is a major etiological agent implicated in periodontitis
(69). Periodontitis, also known as pyorrhea, is a chronic inflammatory disease of the
gums and supporting tissue that results in tooth loss (69). It is usually caused because of a
delay in the treated or untreated gingivitis. As a result, infection and inflammation can
spread to the ligaments and structures that support the teeth and cause the teeth to be lost
(15). In a typical situation, plaque accumulates at the base of the teeth and becomes
trapped beneath the gum tissue, causing pocketing and swelling of the soft tissues.
Because plaque contains several bacterial species, inflammation develops that can spread
from tooth to tooth. In many cases a tooth abscess may form, causing an increase in bone
destruction and resorption. Indeed, many organisms have been implicated in the etiology
of perodontitis [reviewed in (69)]. Some bacteria manage to adhere via the plaque to the
tooth surface. As a result, these primary colonizers colonize the gingival pocket and
provide an environment that is conducive to the colonization by secondary colonizers
such as Porphyromonas gingivalis. In this introduction, I will address the pathogenesis,
virulence determinants and genetic mechanisms for oxidative stress resistance in this
organism and provide a critical overview of the role oxidative stress may play in
pathogenesis.

A.l Incidence of Periodontitis

Periodontitis is second only to the virally caused cold as the most common of
human diseases. It is most often observed in adults but can affect children as well. By
16

conservative estimate, it is believed that more than 35 million Americans are afflicted
with this disease in one form or another (6). The Surgeon General’s report on oral health
status in America has pointed to periodontal disease as a scourge on the American society
(40). In addition, because of the disparity in the access to dental services between
minority groups, there is a concomitant increased incidence of periodontal disease in
minority groups when compared to the general population. Because of this, the National
Institute for Dental and Craniofacial Research (NIDCR) of the National Institutes of
Health (NIH) has increased its funding to the research community to develop research
strategies to address the problem of periodontitis in America. In order to adequately
respond the threat of periodontitis, it is also necessary to address the risk factors that are
involved in the causation of periodontitis.

B.Risk Factors for Periodontitis

Periodontitis etiology is very complex and multi factorial. However, a few risk
factors that contribute to this chronic infection have been identified. Smoking is the
number one risk factor linked to the development of periodontitis (114)(144). Smoking
reduces the immune response (19, 99, 144). It compromises the antibodies in saliva and,
hence, increases an individual’s predilection for developing periodontal disease.
Additionally, smoking causes dry mouth (xerostomia). Since saliva contains many
antibacterial agents, it can be clearly seen how a decrease in its production can alter not
only the immune response but the consequent risk to periodontitis. Also, smoking has
been shown to decrease the success of some treatment of periodontal disease (165).
Because of recent reports indicating smoking as an important risk factor for predilection
17

to periodontitis and its affect on its subsequent treatment, focus has been shifted to some
degree to educate the patient on the outcome of oral health if smoking is habitual.
Further, research in our laboratory has allowed us to propose that, in addition to the effect
smoking has on the immune system, nicotine in cigarette smoke increases the activity of
the proteases of P. gingivalis in periodontal tissue destruction. The proteases of P.
gingivalis are the major virulence factors of P. gingivalis and will be discussed in detail
later.

B.l. Genetics

In recent years, just prior to the complete sequencing of the human genome and certainly
since then, research has uncovered several diseases that have their etiology linked to
certain genetic polymorphisms. Not surprising, then, is the description of periodontal
disease as having a genetic basis as a risk factor. Research indicates that more than 30%
of individuals have a genetic predisposition to periodontitis (96). Individuals in this study
were found to be 6 times more likely to develop periodontitis despite immaculate oral
hygiene. There are two forms of periodontitis- chronic and aggressive periodontitis (15).
Much of the evidence to support a genetic basis for periodontal disease is attributed to the
aggressive form of periodontitis. It must be remembered that although there has been
familial aggregation of periodontitis, other factors such as smoking, diabetes, sanitation
and other health and socioeconomic factors may contribute significantly to data obtained
in any genetic study. However, hereditary conditions that affect neutrophil function and
production will have an obvious affect on the development of periodontal disease (164)
(reviewed in (65) ). One of the more prominent genetic polymorphisms identified in a
18

link to periodontal disease is the N-acetyltransfersase (NAT2) gene (93). The caveat to
the genetic linkage of NAT2 gene to periodontal disease is that it is only becomes a factor
if the individual with the NAT2 deficiency is a smoker. Deficiency of the NAT2 gene
alters the smokers’ metabolism resulting in the production of toxic metabolites that are
more damaging to the oral cavity (93). Unfortunately, the gap between identification of
genetic polymorphisms in periodontal disease and clinical treatment or application is
wide. Our best use of this information would be in performing genetic screening in
individuals and providing treatment which may prevent the progression of periodontal
disease.

B.2. Diabetes

Periodontitis is a common problem in patients with diabetes. Diabetes develops from
either a deficiency in insulin production or the body's inability to use insulin correctly.
Diabetics are at a higher risk for developing infections, including periodontal diseases
(144). Studies have shown that those individuals with poorly controlled diabetes are more
at risk of developing periodontal disease (38). Infections including periodontal disease
can impair the ability to process and/or utilize insulin. Consequently, diabetes
management is more difficult and could lead to a more severe diabetes condition and
periodontal infection. Therefore, the relationship between periodontitis and diabetes
appears to be bidirectional (92).The presence of one condition tends to promote the other,
and the meticulous management of either may assist treatment of the other. Both
diabetes and periodontitis can stimulate the chronic release of proinflammatory cytokines
that have a deleterious effect on periodontal tissues. These proinflammatory cytokines
19

caused by periodontitis may even predispose individuals to the development of type 2
diabetes. Therefore, it has been proposed that individuals with diabetes need to be
instructed on the importance of proper oral health and treated in the conjunction with a
periodontist (92). Taken together, the data suggest a role for diabetes in the causation and
effect of chronic periodontitis.

B.3. Pregnancy

Pregnancy is accompanied by hormonal changes (91). These changes affect many of the
tissues of the body, including the gums. Gums can become sensitive, and at times react
strongly to the hormonal fluctuations. These fluctuations in hormones may make an
individual more susceptible to gum disease (38). Additionally, recent studies suggest that
pregnant women with gum disease are seven times more likely to deliver preterm, low
birth weight babies (61). Earlier reports on the effect of P. gingivalis infection on
pregnancy outcomes was investigated by Offenbacher and others (33, 34). They found
that chronic infection with P. gingivalis could have deleterious effects on the fetus. More
recently, using a similar model, Lin et al (74) have shown that chronic infection with P.
gingivalis resulted in a decrease in litter weight among the surviving babies. In addition,
they were able to demonstrate the dissemination of P. gingivalis (localized in maternal
uterus and liver) and an increase P. gmgzva/A-specific IgG antibody in the serum and
amniotic fluid. Taken to together these data suggest that periodontal disease can affect the
birth weight of fetuses and can illicit a strong immune response.

20

B.4. Poor Nutrition
A poor diet or one lacking in essential nutrients and vitamins can be a predisposing factor
to periodontal disease (111, 112). Poor nutrition depresses the immune system leading to
the reduction in the body’s ability to fight infection (112). In addition, research has also
shown that diets poor in vitamin C also increases the risk of periodontitis [reviewed
in(131) ]. Vitamin E (a-tocopherol) and C (ascorbate) function as antioxidants by
scavenging free radicals. In the case of smokers, a decrease in the intake of these
essential vitamins can lead to the periodontal disease (131) as the free radicals generated
by the cigarette smoke cannot be detoxified. Also increased body fat or obesity has been
identified as a promoter of inflammation (4). Body fat secretes substances such as leptin,
IL-6 and TNF-a. These molecules are often secreted in proportion to the amount of fat
present. Therefore, secretion of these substances may induce a hyper-inflammatory
response in periodontal disease.

C. Pathogenesis of Porphyromonas gingivalis
The role of P. gingivalis in periodontal disease and other systemic diseases has been the
focus of much attention. P. gingivalis, an asaccharolytic, gram-negative anaerobe, is a
major etiological agent in the initiation and progression of severe forms of periodontal
disease (70). P. gingivalis colonization of the periodontium is facilitated by its adherence
to epithelial cells, and bacteria that are already established as a biofilm on teeth and
epithelial surfaces [reviewed in (69)]. Adherence of the bacteria to epithelial cells is
mediated by fimbriae and proteases (10, 161). In addition, P. gingivalis has an absolute
requirement for hemin as its source of iron (24, 48, 90). There are multiple receptors on
21

the bacterial cell surface responsible for the binding of hemin (25, 121, 145). Research
has shown that the hemin receptors can be regulated or induced by growth in hemin (48,
146). Incidentally, the black pigmentation of P. gingivalis is due to the accumulation of
hemin on the cell surface in the form of iron protoporphyrin IX (FePPIX) (147, 148).
Moreover, proteases and hemagglutinins of this periodontal pathogen are involved in
heme acquisition and binding and accumulation (26, 69, 73, 121, 150).

C.l. Virulence Factors of Porphyromonas gingivalis
Several reports have identified and characterized many virulence factors of P.
gingivalis that promote its colonization and its persistence in the periodontal pocket (46,
55, 70, 81, 85, 89). These virulence factors usually play a role in the extent to which this
organism causes disease. As a result, extensive research is needed to further elucidate the
mechanism of virulence in P. gingivalis. Among the most extensively studied of the
virulence factors are fimbriae used for adhesion (113, 170), capsule (anti phagocytosis)
(128), lipopolysaccharides (bone resorption) (110), proteases (specific and generalized
tissue destruction) (56) and a variety of other toxic by-products. To date, many of these
factors have been purified and characterized. Molecular genetics and recombinant DNA
technology have extended our understanding of some of the mechanisms of pathogenesis
involving these virulence factors. Within the field of periodontal research, however, is the
emergence of oxidative stress defense as a potential virulence factor. Because of the
hostile environment of the periodontal pocket, mechanisms for survival of P. gingivalis in
this environment are of interest. Several oxidative stress genes have been identified with
the completion of the P. gingivalis genome project (108). However, their role in the
22

pathogenesis and oxidative stress resistance in the organism is unknown or poorly
understood. While the mechanism and regulation of these genes have been elucidated in
other non-periodontal pathogens, there is no published data to date that provides answers
to similar questions in P. gingivalis. Further, a possible role for proteases in oxidative
stress resistance has been explored in this study.

C.1.1. Proteases
The high proteolytic abilities of P. gingivalis have been the focus of much
attention. At least five distinct protease genes have been isolated and characterized from
P. gingivalis (127). The major proteases called gingipains are both extracellular and cell
associated (56). They consist of arginine specific protease [Arg-gingipain, (Rgp)] and
lysine-specific protease [Lys-gingipain,(Kgp)] (127). Two genes encode the Rgp. rgpA
and rgpB. Kgp is encoded by a single gene kgp (118, 123). Several reports have
documented the multiple effects of proteases, which in addition to being essential for
growth, play a role in complement and immunoglobulins degradation, inactivation of
cytokines and their receptors, platelet aggregation, attenuation of neutrophil antibacterial
activities, and increasing vascular permeability as well as prevention of blood clotting (3,
57, 58, 160). Further, these proteases elaborated by P. gingivalis are important in the
normal physiological function of this organism.
Proteases may also affect the expression of other virulence factors. Nakayama et
al created a rgpA-rgpB double mutant and demonstrated that this null mutant possessed
few fimbriae on the bacterial surface when compared to the wild type strain (105). In
another study, Tokuda et al showed that attachment to human epithelial cells and
23

interaction with other gram-positive bacteria was significantly reduced in a protease
deficient mutant (160). The reduced fimbrial expression resulted from an alteration in
transcription offimA due to the protease defect. Recently, the proteases have been shown
to be involved in hemoglobin binding and adsorption, cleavage and heme accumulation,
further confirming their multiple effects on cellular function (119, 121, 150).

C.1.2. Fimbriae

Several reports [reviewed in(10)] have indicated the virulence potential of fimbriae from
P. gingivalis. The fimA gene encodes for fimbrillin, a subunit protein of fimbriae (42).
Cloning and inactivation of this gene resulted in the diminished adhesion of fimbriae to
tissue-cultured human gingival fibroblasts and epithelial cells (113, 170). This was the
first direct evidence for a role for fimbriae in cell attachment and adhesion in P.
gingivalis. Since these initial reports, other genetic, immunological and biochemical
evidence has surfaced to show the virulence capability of P. gingivalis fimbriae (52, 85,
116, 116, 172-174). There is also evidence suggesting that the fimbriae of P. gingivalis
may play a role in the development of atherosclerosis by the induction of inflammatory
mediators IL-8 and monocyte chemo-attractant protein (MCT) (106). This is supported
by other reports that have also shown that fimbriae can induce cell adhesion molecule
expression in epithelial and endothelial cells (106). Because of the relationship between
P. gingivalis infections and atherosclerosis, studies on the role of fimbriae in virulence
are under current investigation.
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C.1.3. Lipopolysaccharides (LPS)
Lipopolysaccharide is a powerful stimulus of the immune response (37). LPS consists of
two components-lipid A (responsible for the toxicity) and the polysaccharide which is
involved in antigenicity. P. gingivalis LPS has been extensively studied, where its role in
bone resorption and alveolar bone loss is well documented (55, 110). A possible
mechanism for bone loss may include the ability of LPS to stimulate osteoclastic activity
and cause the release of potent activators of bone resorption [reviewed in (69)]. Other
reports have shown the P. gingivalis LPS can also modulate the immune response (18,
101, 110, 128, 140). Further, it has been demonstrated that P. gingivalis LPS induces
foam cell formation in murine macrophages (129), a hall mark of atherosclerosis.
Collectively, these data suggests that P. gingivalis LPS is an important virulence factor
and plays a significant role in the progression of periodontitis and other systemic
conditions, including atherosclerosis.

D. Oxidative stress: A definition
Oxidative stress is defined as the disturbance in the pro-oxidant antioxidant balance in
favor pro-oxidants (143). Oxidative stress has been the focus of much attention for its
role in aging, cancer, heart disease and inflammation. P. gingivalis induces an exuberant
inflammatory response in adult periodontitis (138, 140). In this inflammatory response.
cells of the innate immune system (neutrophils and macrophages) are first to respond to
the site of infection (21, 164). In order to clear the organism, these immune cells employ
an armamentarium of toxic products, the most important being oxygen and its reactive
intermediates [reviewed in (97)].
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D.l. Sources of Oxidative stress in Periodontitis

The generation of reactive oxygen species (ROS), including superoxide, hydrogen
peroxide, hydroxyl radicals and hypohalous acid (97) have been widely implicated as
important host defense mechanisms (97, 141, 142). In addition, nitric oxides,
peroxynitrites, nitrates and other nitrogenous compounds that have also been implicated
in playing a central role in the pathophysiology of clinical infections (107). ROS are
produced by macrophages and neutrophils during the immune inflammatory response
mediated by a process called the oxidative burst (97). In this process, there is an increase
in the consumption of oxygen and a rapid increase in the amount ROS in response to an
external stimuli by the cell. In general, ROS are usually produced by several oneelectron reductions of molecular oxygen. One, two and three electron reductions of
molecular oxygen (O2) yield the superoxide radical, hydrogen peroxide and the hydroxyl
radical respectively. Superoxide is generally not very reactive at physiological pH against
major macromolecules of a cell. In a slightly acidic or neutral pH, it dismutes
spontaneously or by the enzyme action of superoxide dismutase to form hydrogen
peroxide and oxygen (11, 13, 14). However, the superoxide radical can readily combine
with nitric oxide to form another free radical, peroxynitrite (OONO') (27). Peroxynitrite
can cause lipid peroxidation and nitration of tyrosyl hydroxyl groups in proteins, which
can result in damage to membrane proteins.
In contrast to the other ROS, hydrogen peroxide is the most stable and is
relatively unreactive at neutral pH. It can easily cross cell membranes; thus, its damaging
effects can occur at a site distant from its formation (135). Hydrogen peroxide can also
degrade spontaneously or by the enzyme catalase to form water and oxygen. However,
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hydrogen peroxide can react with free iron or copper (Fenton reaction) (59) or with the
superoxide radical (Haber-Weiss reaction), leading to the formation of the hydroxyl
radical (OH) which is one of the most potent of the ROS [Figure 1.1]. Because of its
great reactivity, the hydroxyl radical usually acts over a short distance (29, 60).
Therefore, in order to cause extensive damage, it has to be fairly close to the target
macromolecule. It is responsible for the majority of damage to DNA seen under
conditions of oxidative stress (29).
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Fe 2t + H20 2

Fe 3+ + OH + OH

(1)

OH + H202

H20 + 02

(2)

H202 + 02 " + H+

02 + OH' + H2O

+ H*

Figure 1.1. The Fenton (1) and Haber Weiss Reaction (2 and 3)
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D.2. Consequences of Oxidative stress

The role of oxidants in host defense is well documented (30, 141). Neutrophils and other
macrophages have demonstrated an armament of lethal reactive oxygen species (ROS)
and reactive nitrogen intermediates (RNI) (107). Several of these reactive species have
pleiotropic effects that are primarily detrimental to pathogens but also capable of
damaging host tissue [reviewed in (107)]. ROS generated in oxidative stress can damage
proteins, lipids and DNA and RNA (60, 97, 156) Lipids make particularly good targets
during oxidative stress. Free radicals can directly attack polyunsaturated lipids and
initiate a chain reaction of lipid peroxidation (86). Lipid peroxidation results in altered
membrane function and damage to membrane bound proteins due to loss in membrane
fluidity. The chain reaction of lipid peroxidation can degrade lipids to more toxic by
products, such as aldehydes. Because aldehydes are more reactive, they can travel further
and exert effects on macromolecules, such as proteins, by remote action. Among the
many different aldehydes that can form during lipid peroxidation, 4-hydroxynonenal is
the most extensively studied (86).
Proteins can also be oxidized during oxidative stress. Damage to proteins can
occur by oxidation of sulfhydryl groups, reduction of disulphides, protein-protein cross
linking and peptide fragmentation and oxidative adduction of amino acid residues close
to metal binding sites via metal catalyzed oxidation (151). These modifications to
proteins cause obvious deleterious effects on the bacterial cell and results in death or
severe impairment of function.
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Although damage to all cellular components has deleterious effects, DNA damage
is probably one of the major targets of ROS during oxidative stress. ROS can attack both
sugar and base moieties of DNA, producing single and double stranded breaks, adducts
of base and sugar groups and lesions that impair replication (29, 59, 60, 156). The
hydroxyl radical has been implicated in the majority of DNA damage of modified purines
and pyrimidines (29). It reacts with DNA by addition to double bonds of the DNA bases
and by the abstraction an H atom from the methyl group of thymine and each of the C-H
bonds of 2’-deoxyribose [reviewed in (35)]. Depending on where the hydroxyl radical
makes its addition to the carbon bonds, a different altered base is formed that could have
serious consequences for the cell.
The non- discriminatory effect of oxidants on DNA can result in the formation of
several mutations. Reports have also demonstrated the lethal effects that ROS and RNI
have on anaerobes and other aerobic bacteria (59, 60, 122, 149, 156). DNA base damage
yields several DNA lesions, many of which are mutagenic or premutagenic. The most
extensively studied of the common oxidative DNA lesion is 8-oxoguanine (8-oxoG).
Takeuchi and associates have demonstrated that DNA exposure to O2 can generate and
*

cause accumulation of the superoxide radical (O2 ), hydrogen peroxide and hydroxyl
radicals, resulting in of DNA damage (155). The major product of DNA damage in this
case was 8- oxoguanosine. This was consistent with studies in E .coli where 80hdG
levels were also shown to increase under similar oxidative stress conditions (67).
Although mechanisms of oxidant induced DNA damage have been elucidated for many
of these organisms, there is currently no data on the mechanisms for oxidant-induced
DNA damage in P. gingivalis.
30

D.3. Mechanisms of Oxidative stress resistance
In response to oxidative stress, many organisms have developed varied and complex
strategies to survive within their normal environment. In many cases, PMNs and
macrophages are the major source of many of these oxidants (21). PMNs are prolific
generators of ROS and RNI (107). Macrophages, on the other hand, generate about 1/31/2 as much ROS but significantly more RNI than PMNs (107). These oxidants are very
important in host defense and are usually lethal to most pathogenic bacteria. DNA of
pathogenic bacteria is severely compromised in an environment that is occupied with
oxidants. Most bacteria utilize two general mechanisms to overcome oxidative stress: (1)
antioxidant enzymes and (2) DNA repair enzymes (163). In P. gingivalis, however, the
hemin layer has also been identified as unique mechanism in oxidative stress resistance
(147, 148)

D.3.1. Antioxidant Enzymes
In anaerobes, including P. gingivalis, resistance to oxidative stress and consequent DNA
damage is important for its survival in the microenvironment of the periodontal pocket.
To date, we know little about the mechanism(s) of oxidative stress resistance in P.
gingivalis. There is emerging evidence, however, which demonstrates a potential role for
antioxidant enzymes in oxidative stress resistance in this organism. I will now describe
and evaluate these findings, their collective roles in oxidative stress resistance, and its
effect on the pathogenicity of P. gingivalis.
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D.3.1.1 Superoxide dismutase (SOD)

Nakayama and associates (1994) and Kuramitsu and Lynch in 1999 demonstrated that
superoxide dismutase (SOD) of P. gingivalis is protective only for tolerance to
atmospheric oxygen but ineffective against hydrogen peroxide or exogenously generated
ROS (83, 104). P. gingivalis SOD can possess either iron (Fe) or manganese (Mn) at its
catalytic center. The ineffectiveness of SOD in protecting against peroxide stress may be
due to the inactivation of this enzyme by hydrogen peroxide (175). However, the current
data available for SOD does not address fully the role of the Mn-SOD in peroxide stress.
The data generated by Yamakura and colleagues has shown that the Mn-SOD was still
active after prolonged incubation with hydrogen peroxide. In contrast, Fe-SOD activity
was completely abrogated at the same length of incubation (175). Further, Amano and
colleagues also showed that the P. gingivalis SOD, when induced by nitration or aeration,
protected the organism from killing by polymorphonuclear leukocytes (11). These latter
data are consonant with another report from this group that demonstrated that at a
temperature of 39 degrees C, there was a 3 fold increase in the expression of SOD
activity as well as an increase in SOD mRNA (12). An inflammatory disease process,
such as periodontitis, is usually accompanied by an increase in body temperature as part
of the host’s defense innate response to the infectious agent. Taken together, these data
suggest that P. gingivalis SOD is important in virulence, especially during the
inflammatory process of periodontitis. While the definitive role for SOD in virulence is
still unclear, it seems unlikely that there would be any significant alteration in virulence
due to the presence of other oxidative stress genes that can mediate in oxidative stress
resistance (154, 163). Also, because the gingipain activity of this mutant was not
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investigated, it is unclear what role the gingipains might play in the virulence of the soddefective mutant. However, because the mechanisms of oxidative stress and their
regulation are largely unknown, we cannot rule out the possibility for a role for SOD in
virulence.

D.3.1.2 Alkyl hydroperoxide reductase (AhpCF)

Previous reports confirmed the absence of detectable catalase or peroxidase, iodine
peroxidase or NADH peroxidase in P. gingivalis (11, 32). This has raised questions on
the mechanisms of oxidative stress resistance in this organism. The role of ahpC gene in
oxidative stress and protection against DNA damage is well documented among several
organisms (17, 133, 153). The ahpC gene is widely conserved among prokaryotes and
eukaryotes. It protects cells from RNIs and provides an enzymatic defense against an
element of antitubercular immunity (27, 31). Chen and colleagues have also shown that
AhpC can protect bacteria from exogenous peroxides and RNI and also protected human
cells from necrosis and apoptosis caused by RNI delivered exogenously or produced
endogenously by transfected nitric oxide synthase (31). Smith and others have also
shown the ahpCF transcriptional unit is important in protecting the anaerobe Bacteroides
fragilis against several organic peroxides (133). They have further shown the ahpCF
genes are regulated by the transcriptional regulator OxyR and ahpCF can be transcribed
as polycistronic or monocistronic RNA suggesting differential regulation of these genes
(133). Since the genetic architecture oiB. fragilis and P. gingivalis is similar, and
because of the overwhelming evidence demonstrating the role of bacterial Ahp in
oxidative stress resistance, it seems likely that the ahpC gene in P. gingivalis may play a
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similar role in oxidative stress. Moreover, because of the anaerobic nature of P.
gingivalis, it is conceivable that the AhpC could play a major role in oxidative stress
defense. As part of this study, we have evaluated the role of P. gingivalis AhpC in
oxidative stress and virulence.

D.3.1.3 Rubrerythrin (Rbr)

Rubrerythrins are non-heme iron proteins that been shown to function in oxidative stress
protection in Clostridium perfringens (72), Desulfovibrio vulgaris (Hildenborough) (72)
and other anerobic and archeabacteria (5, 168). Studies on a role of Rbr in oxidative
stress resistance have been demonstrated by using purified Rbr to complement E. coli
catalase deficient mutants (82). In these studies, purified D. vulgaris Rbr was found to
restore protection to hydrogen peroxide in these mutants, suggesting a role for the Rbr in
peroxide detoxification. In contrast, purified Rbr was unable to restore the oxygen
sensitivity of E. coli sodA sodB mutants, suggesting that Rbr does not possess any SOD
activity (82). Unexpectedly, Rbr from C. perfringens was able to restore function, albeit
to a limited degree, in E. coli soda sodB mutants (72) suggesting that the rbr gene may
play a role in oxidative stress by scavenging superoxide radicals. These data are
conflicting and may suggest different functionality for Rbr purified from other organisms
or simply differences in the purification and processing of the Rbrs used by the two
groups. These reports on the role of the rbr gene in resistance to peroxide prompted our
study of the rbr gene in P. gingivalis. Potempa and others demonstrated by direct
inactivation of the rbr gene in P. gingivalis, that it protects against dioxygen and
hydrogen peroxide (154). In addition, that group also demonstrated that the rbr transcript
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was induced above its constitutive levels in the presence of dioxygen and hydrogen
peroxide. Conclusions from this report suggested that P. gingivalis Rbr protects this
organism from oxidative stress by functioning as a cytoplasmic peroxidase. It is believed
that Rbr reduces hydrogen peroxide to water using an unidentified source of electrons
(154). It was also suggested that P. gingivalis Rbr could protect the organism from
oxidative stress by an indirect mechanism of iron sequestration and prevention of
subsequent hydroxyl formation by Fenton chemistry. Taken together, these data suggest
that the rbr gene may protect P. gingivalis from oxidative stress by the catalytic reduction
of hydrogen peroxide and scavenging of superoxide radicals.
Although the role of this gene in virulence has not been established, the data
clearly adds to the body of knowledge concerning genes that are involved in oxidative
stress in vitro.

D.3.1.4. DNA binding proteins (Dps)
The Dps families of proteins are a diverse group of bacterial stress-inducible polypeptides
that bind DNA and likely confer resistance to peroxide damage during periods of
oxidative stress and long term nutrient limitation (124, 125). The Dps homologues are
widely conserved among the prokaryotes and may suggest an important role for this
protein in oxidative stress. Studies of this protein in E. coli have shown that Dps protects
bacterial cells from oxidative stress by binding non-specifically to DNA (7, 9).
Interestingly, the Dps was found to increase the survival of recA mutants when it was
over expressed and also was able to reduce the frequency of GC to TA transversions in
mutM and mutY mutator strains (87). Other studies of the Dps in B. fragilis clearly show
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that this protein is upregulated under conditions of oxidative stress induced through
hydrogen peroxide (132). These studies also determined that B.fragilis Dps is regulated
by the transcriptional activator OxyR, and it was also regulated by an oxygen-dependent
OxyR-independent mechanism (132). Similarly, a P. gingivalis ^5-defective mutant
demonstrated an increased sensitivity to peroxides and decreased survival in HUVEC
cells (163). Similar to B.fragilis, the P. gingivalis dps homologue was regulated in an
OxyR dependent manner and was upregulated under peroxide challenge. In contrast,
however, P. gingivalis dps mutants displayed no decrease in viability when exposed to
oxygen for 6 h. Further, the P. gingivalis dps gene displayed a higher constitutive
expression when compared to the B. fragilis dps gene. It was, therefore, postulated that
because catalase is not present in P. gingivalis, the dps gene expression may compensate,
in part, for its absence. These data suggest that the P. gingivalis Dps may play a role in
peroxide stress resistance survivability of P. gingivalis in HUVEC cells.

D.3.1.5. Bacterioferritin-comigratory protein (Bcp)
Studies in E. coli have identified and characterized the bacterioferritin co-migratory
protein (BCP) as a new member of the TSA/Alkyl hydroperoxidase family (62). BCP was
shown to preferentially reduce linoleic acid hydroperoxide and to a lesser degree, t-butyl
hydrogen peroxide and hydrogen peroxide (62). Nakayama and associates cloned a 17kDa protein from the plant Sedum lineare that was homologous to the BCP from E. coli
(66). Studies of this recombinant protein in E. coli cells revealed a thioredoxin-dependent
peroxidase activity. Analysis of the P. gingivalis genome revealed a bcp homologue that
was immediately upstream of the recA and vimA genes. In previous reports, we have
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hypothesized that the bcp may be a part of an operon with the recA and vimA genes (1).
The recA and vimA genes are involved in DNA repair and protease distribution and
maturation respectively (1, 45). Characterization of a

-defective mutant of P.

gingivalis revealed decreased proteolytic activity and the absence of active protease on
the cell surface (1, 120). In addition this mutant was non-pigmented and non-hemolytic.
This suggests that there would be an increase in the accumulation and binding of the
heme on the surface of P. gingivalis when compared to the wild-type. Since the heme
layer in P. gingivalis has been reported to play role in protecting against peroxide
challenge (147, 148), it is reasonable to envision a scenario where it would be
advantageous for P. gingivalis to coordinately regulate its protease expression, DNA
repair and oxidative stress resistance activities. Currently, there is no information on the
function of the bcp gene in P. gingivalis. Therefore, a portion of our study is focused on
the examination of the role of the bcp gene in oxidative stress, DNA repair and virulence.

D.3.2. Genetic responses to Oxidative stress: The SoxRS, OxyR and SOS regulons
Bacteria respond to oxidative stress in a number of ways. Most responses are at a
genetic level and involve altered regulation of genes (44, 54). Many of these genes are
regulated by regulons such as the oxyR soxRS and SOS.
One of the first peroxide inducible transcriptional factors to be characterized fully
was the OxyR transcriptional activator in E. coli (177). OxyR regulates several genes
involved in the peroxide response. Some of the most common genes regulated by OxyR
include the ahpCF, katG, dps and trx [reviewed in (98). Experimental data demonstrate
that OxyR senses oxygen directly and undergoes a conformational change that activates
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transcription by direct interaction with RNA polymerase [reviewed in (98). Hydrogen
peroxide can also induce OxyR by oxidation of two of its cysteine residues (176, 177).
The role of the OxyR gene in transcriptional regulation of peroxide inducing genes has
been identified for many organisms including B.fragils (132). Most of the genes that
respond to peroxide stress are under the control of the oxyR gene. Survey of the P.
gingivalis genome [http://www.omlgen.lanl.gov] reveals the presence of an oxyR
homologue. This gene has not been investigated for its role in transcriptional regulation
of any of the known oxidative stress genes. If the oxyR gene is responsible for controlling
those genes involved in peroxide detoxification, we might then expect that this gene may
play a significant role in virulence. Of course, there are several transcriptional regulators
that are species-dependent which may function in a redundant mechanism to regulate the
same genes or other genes in oxidative stress. This would be advantageous to the
organism in the event that the oxyR gene loses function. Inactivation of this gene may
prove useful in future mutagenesis studies where expression of a certain subset of genes
could be controlled.
The SoxRS regulon unlike the OxyR transcriptional activator is induced by
superoxide (54, 162). The activation of this regulon takes places in two steps with SoxR
acting as both a sensor and activator protein (166). When SoxR becomes activated it
induces the activation of the soxS gene, which in turn induces transcription of superoxide
responsive genes (54, 166) by the reduction of the iron-sulphur [2Fe-2S] centers. The P.
gingivalis genome possesses no soxR or soxS genes. This might suggest that P. gingivalis
utilizes other transcriptional activators to induce SOD or that SOD is regulated by an
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independent mechanism. There is currently no information on a SoxRS regulon in P.
gingivalis.
Another transcriptional response to oxidative stress employs the SOS regulon.
Also referred to as error prone repair, the SOS response is the most well defined
transcriptional response to DNA damage identified to date [reviewed in (166)] (171).
This regulon involves as least 31 genes (167). Many of the genes involved in the SOS
response are involved in nucleotide excision repair (NER) and recombinatorial repair.
Most DNA damaging agents that produce lesions that are not efficiently repaired by
NER, cause induction of the SOS response that requires the recA to repair the damage
[reviewed in (166)]. The SOS response is the last attempt by the bacterial cell to protect
itself from lethality due to extensive DNA damage. It responds to the signal of single
stranded DNA. The RecA protein can bind the single stranded DNA and converts it to an
active form of RecA with proteolytic activity. Once activated, the RecA protein cleaves
the repressor LexA protein. Lex A represses the SOS genes [reviewed in (166)]. Once
LexA is cleaved, there is a derepression of the SOS genes (102), and induction from the
SOS genes can proceed from the respective promoters. Some of these induced genes are
also involved in in base excision repair (BER).

D.3.3. DNA repair mechanisms of oxidative stress resistance

Oxidative DNA damage is a major consequence of oxidative stress. It results in
oxidation of bases in DNA and the DNA pool that may result in mutagenesis and lethality
of the organism (59, 60, 84). DNA repair mechanisms to overcome DNA damage caused
by reactive oxygen species have been described in many organisms but no such
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mechanism has been identified in P. gingivalis. Because E. coli is the most extensively
studied organism to date, we have used this as a model to lay the foundation for our
discussion and subsequent hypotheses.
DNA damage can be repaired by several mechanisms. These mechanisms include
base excision repair (BER), nucleotide excision repair (NER), methyl directed mismatch
repair (MMR) and direct reversal of the lesion. These mechanisms will be discussed
briefly, but the majority of the discussion will focus on the DNA excision pathways, BER
and NER.

D.3.3.1. Damage reversal
Dimerization of bases in DNA can be repaired by direct reversal. UV radiation is
adsorbed directly by DNA. As a result, one of the most common alterations is the
formation of thymine dimers. One example of direct reversal is Photoreactivation.
Photoreactivation catalyzed by the enzyme CPD photolyase was the first of the repair
processes to be discovered [reviewed in (8)]. CPD photolyase contains two chromophores
responsible for absorbing light energy. One of the chromophores is FADH', and the other
is either methenyl-tetrahydrofolate (MTHF) or 8-hydroxy-5-deazaflavin (8-HDF). MTHF
and 8-HDF act as primary light gatherers, transferring their energy to FADH'. The
energy from FADH' is then used to split the dimer [reviewed in (8)]. Other examples of
direct damage reversal include the repair of 06-methyl guanine and the sealing of certain
subset of nicks in DNA by DNA ligases [reviewed in (8).
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D.3.3.2. Methyl directed Mismatch repair (MMR)

MMR is employed to repair mismatched DNA caused by errors in replication and genetic
recombination that result in DNA damage [reviewed in (49)]. In some cases, E. coli
repairs mismatches appropriate for DNA-N glycosylase. The proteins involved in MMR
are MutS, MutL and MutH [reviewed in (49)]. For E. coli to repair a mismatch, the MutH
protein must be able to recognize template strands methylated at GATC sequences.
Firstly, MutS recognizes a mismatch and bind to it and recruits MutL to stabilize the
complex. Since the original strand is methylated and the nascent strand is not, the MutSMutL complex activates the MutH which locates the nearby methylated strand and
recognizes the methylated original strand and nicks it opposite the methylated group.
Final excision of the mismatched section is accomplished by the helicase UvrD which
unwinds the DNA in the direction of the mismatch, exonuclease of the appropriate
polarity and polymerase and ligase that fill in and seal the nick respectively [reviewed in
(49)]. Survey of the P. gingivalis genome \http://www. oralgen. lanl.govl\ reveals three
sequence homologues for the mutS gene, one sequence homologue for the mutL gene but
none for the mutH gene. Although we did not find a sequence homologue for the mutH,
we cannot rule out the possibility of a functional homologue of the E. coli MutH may be
present in P. gingivalis.

D.3.3.3. Base excision repair

In general, most oxidative DNA damage, whether it is base or sugar damage or the
formation of abasic sites, is repaired by BER [reviewed in (68)]. DNA lesions generated
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as a result of ROS damage are usually not bulky DNA lesions and are excellent substrates
for the process of BER [reviewed in (49)]. DNA-N glycosylases are the effectors of BER
and are more specific in lesion recognition and repair than the process of NER [reviewed
in (68)]. They remove mispaired bases from DNA by cleaving the N-glycosydic bond
between the abnormal base and the deoxyribose resulting in the formation of an abasic
site which is eventually recognized by an AP lyase (71, 78).
There are two types of DNA glycosylases: monofunctional and bifunctional. In
short, the only difference between the two types of glycosylases is that bifunctional
glycosylases have built in associated AP lyase activity while the monofunctional
glycosylase relies on external AP endonucleases [reviewed in (49)]. After the AP
endonuclease has cleaved the DNA backbone next to the abasic site, DNA polymerase
can fill in the gap, and it is sealed finally by DNA ligase.
Oxidant-induced DNA damage generates over 20 different oxidatively altered
bases (41). By far the most common of these oxidative DNA lesions formed is 8-oxo 7,
8-dihydroguanine (8-oxoG) (136). Unlike some other modified DNA bases, 8-oxoG does
not block replication. However, its mispairing with adenine often leads to GC to TA
transversions (84) [Figure 1.2]. Because the incorporation of 8-oxoG is mutagenic,
bacteria have developed several mechanism to remove this modified DNA base.
Current research in E. coli has identified three DNA glycosylases that function in
the removal of 8-oxoG from DNA, albeit by different mechanisms (47, 94). These
glycosylases include Fpg (formamidopyrimidine-DNA glycosylase), Nth (Endonuclease
III) and Nei (Endonuclease VIII). E. coli Nth demonstrates the ability to excise 8-oxoG
from 8-oxoG:G (88). Matsumoto (2001) and others showed that E. coli triple mutants fpg
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nth and nei displayed increase spontaneous GC to CG transversion as compared to single
and double mutant of these three genes suggesting that they all play a role in 8-oxoG
removal (88). Based on this research a new model system was proposed which states that
the Nth and Nei proteins repair 8-oxoG in nascent and transcriptionally active DNA (43).
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Figure 1.2 Structure of 8-oxoguanosine
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E. coli FpG DNA glycosylase plays major role in 8-oxoG removal. MutM or Fpg
removes 8-oxoG when mispaired with cytosine (23, 28, 158). Fpg is a bifunctional DNA
glycosylase. Although the MutM protein can excise a broad spectrum of modified purines
(22) and pyrimidines (53) it is best known for its excision of the 8-oxoG.
In the event that replication occurs without repair of the 8-oxoG: C mismatch or if
8-oxodGTP is inserted opposite and adenine residue, the protein MutY removes the
adenine from the 8-oxoG: A bases pair (16, 109). E. coli MutY is a monofunctional
glycosylase and acts to remove adenine apposite guanine and cytosine (95). MutY also
removes adenine apposite 7, 8-dihydro-8-oxoadenine. Therefore, the E. coli proteins
MutM and MutY function in tandem to quickly prevent specific transversions event
associated with the formation of 8-xooG [see Figure 1.3].
Oxidation of guanine can also occur within the nucleotide pools of DNA. 8-oxodGTP serves as the mutagenic substrate for DNA synthesis [reviewed in (136)]. 8oxodGTP can be incorporated at an equal rate opposite adenine or cytosine residues in
template DNA resulting in AT to CG and GC to TA transversions (84). The E. coli mutT
gene encodes for a protein MutT, an 8-ox-dGTPase, which hydrolyses 8-oxo-dGTP to 8oxo-dGMP, thereby preventing misincorporation of 8-oxoG into DNA (47, 84). The E.
coli MutT protein, therefore, acts to deplete the nucleotide pools of 8-oxo-dGMP. 8-oxodGMP produced by the action of the MutT protein cannot be re-phosphorylated by other
cellular enzymes and, thus, is further broken down to the corresponding nucleosides.
Taken together, the process for the removal of 8-oxoG from bacterial DNA is coordinated
at all levels to prevent subsequent mutagenesis. This process is efficient and fast and
serves as a coping mechanism to prevent oxidant induced DNA damage.
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A survey of the P. gingivalis genome [http://www.omlgen.lanl.gov] failed to
reveal the existence of a MutM homologue. However, we cannot rule out the possibility
of a functional homologue, as in the case of hOGGl and E. coli MutM, being present in
P. gingivalis. We however identified sequence homologues for the mutY and nth genes in
P. gingivalis. This suggests that there may be some mechanism for the removal of 8oxoG from P. gingivalis DNA. Consequently, a part of our research focused on
determining if there was 8-oxoG DNA glycosylase activity present in P. gingivalis and
how this might play a role in oxidative stress resistance.
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D.3.3.4. Nucleotide excision repair

Fairly recent reports have indirectly implicated some proteins involved in nucleotide
excision repair (NER) in the removal of 8-oxoguanine (39, 134). Nucleotide NER is a
universal DNA repair mechanism found in all kingdoms of life (20, 159). It is different
from all the other forms of DNA repair by its ability to act on a wide variety of substrates
[reviewed in (20)]. NER was one of the first repair mechanisms discovered in bacteria
(137) and is mediated by the gene products of the uvrABC ,uvrD genes, polA and lig
[reviewed in (20)]. NER recognizes distortions in DNA caused by bulky adducts that also
alter the chemistry of the DNA. Damaged DNA is recognized, is cleaved 3’ and 5’to the
DNA lesion and repaired in a sequential multistep process that requires ATP [reviewed in
(20)](159) (50, 51) [Figure 1.4] Briefly, a UvrA dimer binds to the UvrB protein and
loads it onto the DNA . The Uv^B complex through it limited 5’-3’ helicase activity.
scans the DNA in an ATP dependent manner looking for damaged bases. Upon
encountering the damage, the two UvrA units dissociate from the Uvu^B complex to leave
a stable preincision complex (PIC) (117). The PIC is recognized and bound by UvrC
(76). In the new UvrBC complex, incision are made 4-5 phosphodiester bonds 3’ to the
lesion and 8 phosphodiester bonds on the 5’ side of the lesion (75, 77). UvrD then loads
onto the free 3’ end of the damaged oligonucleotide and displaces it using its intrinsic 3’5’ helicase activity. The resulting gap is filled in by DNA Pol I and sealed by E. coli
DNA ligase. Throughout the repair process UvrB guides the DNA from recognition to
repair ensuring that no gapped intermediates are released before the repair pathway is
completed (159).
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At present, the role of NER in the removal of 8-oxoG has not been definitely
shown. Analyses of the oggl/radl4 and the fpg/uvrA in yeast and E. coli respectively
have all indicated an increase in GC to TA transversions in these double mutants (39,
134). However, single mutants of the radl4 or uvrA in these species of organisms did not
contribute significantly to the repair of 8-oxoguanine when compared to the double
mutants (39). These data suggest that NER may play a role in the removal of namely 8oxoG from chromosomal DNA.
A survey of the P. gingivalis genome [http://www. oralgen. lanl.gov] revealed the
presence of for two uvrA genes one uvrB gene and one uvrC gene. However there was no
homologue for the uvrD identified. The fact that there are two uvrA genes in the P.
gingivalis genome may suggest an important role for NER.
Other than sequence analysis of the P. gingivalis genome and the published work
on the role of the recA in P. gingivalis (45), we currently have no information on the
environmental regulation of any DNA repair enzymes. Our current research as focused in
part to address some of these questions.

D.3.4. The Hemin layer of P. gingivalis

In addition to the aforementioned genes involved in oxidative stress defense, hemin that
is bound to the surface of P. gingivalis, is also known to augment oxidative stress
resistance in P. gingivalis (147, 148). In addition, the proteases in P. gingivalis called
gingipains, are involved in hemin/iron acquisition, regulation and utilization, proteolytic
activity, and oxidative stress (3, 121, 150). As mentioned earlier, P. gingivalis has an
absolute growth requirement for hemin (24, 25, 48, 90, 145, 146), specifically, iron
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protoporphyrin IX derived proteolytically from haemoglobin, haptoglobin, hemopexin
and albumin(100, 146-148). Genco and colleagues have shown that the gingipains of P.
gingivalis can cleave heme containing proteins to facilitate its growth and serve as
protection against oxidative stress (150). It was also observed that gingipain K (Kgp) was
more potent in cleavage of hemoglobin, hemopexin, and haptoglobin in broth culture and
serum than gingipain R (RgpB, RgpA) (150). These observations are consistent with
findings by Lewis et al that describe the hemoglobinase activity of gingipain K (Kgp)
(73). Further analysis of transferrin cleavage by P. gingivalis, also supports the
hypothesis that Kgp is more potent than Rgp in cleaving proteins that contain heme or
iron for its survival (26). Moreover, Kgp has also been shown to prevent the oxidative
bursts in PMNs (3). P. gingivalis may also be capable of storing hemin on its cell surface
as observed by the characteristic black pigmentation (139) that is utilized in cases of
hemin deprivation (130). Studies by Smalley et al suggest that binding of iron
protoporphyrin IX in the mu-oxo dimeric form on the cell surface of P. gingivalis may
act as an oxidative buffer and possible pathogenic mechanism (148). Further studies by
this group two years later have shown that this form of iron from hemin endows P.
gingivalis with protection against hydrogen peroxide. The research also points to the muoxo bishaem as catalytically degrading hydrogen peroxide in a similar way as catalase
(63, 148). Recently, Collyer and others have also shown that HA2 domain (hemoglobin
receptor protein present in gingipains and some other membrane proteins) acts as a highaffinity hemophore at the cell surface to capture porphyrin from hemoglobin. Support for
mu-oxo bishaem having a protective role against hydrogen peroxide is seen in E. coli.
The non-pigmented E. coli demonstrated resistance to neutrophil killing in media
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containing hemin (64). Collectively, these data suggest a unique mechanism of oxidative
stress resistance in P. gingivalis. In the present study, we also assessed the susceptibility
of the non-pigmented P. gingivalis mutant FLL92 to oxidative stress compared to the
black pigmented wild-type W83.
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E. Role of the RecA in P. gingivalis

The recA gene in many organisms has been widely implicated in homologous
recombination and DNA repair [reviewed in (36)]. Previous work in our laboratory has
shown that the recA gene is not only involved in DNA repair but it is also important in
virulence of P. gingivalis (45). Genetic and biochemical analyses of the recA gene
product did not identify any SOS regulatory sequences and any induction of an SOS
response by DNA damaging agents (79). It was found that the recA promoter activity was
only moderately increased in response to hemin limitation and calcium. However, there
was discernible regulation of promoter activity in response to different temperatures (79).
In addition further studies in our laboratory have focused on the relationship of virulence
and the ability for P. gingivalis to manage the oxidative stress typical of the inflammatory
microenvironment of the periodontal pocket. We determined the nucleotide sequence of
the P. gingivalis W83 recA homolog and constructed a recA -defective mutant (FLL32)
that showed increased autoaggregation, was non-pigmented, lacked beta-hemolytic
activity on blood agar and had reduced proteolytic activity (2). The proteolytic activity of
FLL32 was mostly soluble. Further, transcription of the rgpA, rgpB and kgp protease
genes was unaltered in FLL32 when compared to the wild-type strain. Also,
immunoreactive bands detected in an extracellular fraction of FLL32 using anti-Rgp or
Kgp suggested that the reduced level of proteolytic activity in this mutant may be due to a
defect in the processing of the proteases. FLL32 exhibited reduced virulence in a murine
model and partially protected animals immunized with that strain against a subsequent
lethal challenge by the wild-type strain (2).
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F. Role of the VimA in P. gingivalis

In other studies in our laboratory, we have identified the first global regulator of
virulence in P. gingivalis (1). This gene, designated vimA (virulence modulating gene), is
downstream of the recA and appears to be part of the same bcp-recA-vimA transcriptional
unit. Using the cloned vimA gene, a defective mutant was constructed by allelic
exchange. The mutant strain, designated FLL92, was non-black pigmented and showed
increased autoaggregation in addition to a significant reduction in proteolytic, hemolytic,
and hemagglutinating activities. This mutant demonstrated a late onset in proteolytic
activity that was mostly soluble (1). In addition P. gingivalis FLL92 secreted the proform
of the gingipain RgpB in the log phase of growth (120). In vivo experiments using a
mouse model, FLL92 was dramatically reduced in virulence when compared with the
wild-type W83 strain. Taken together, these results suggest that the phenotype of FLL32
may be a result of a polar mutation and the vimA gene may play an important role in
virulence modulation in P. gingivalis. This importance is further underscored by the
observation that the recA gene (154) is expressed during infection of the murine host.

G. Rationale
Survival of P. gingivalis in the micro environment of the periodontal pocket
requires an ability to overcome oxidative stress due to inflammatory immune cells
(neutrophils and macrophages) and an occasional exposure to air (11, 13, 14). Because P.
gingivalis persists so well in the massive inflammatory condition of periodontitis, it
suggests that it must possess several mechanisms of oxidative stress resistance. It was
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our objective to identify different mechanisms of oxidative stress resistance in P.
sin2ivalis and evaluate their roles in virulence.
Currently there is little information on oxidative stress resistance in P. gingivalis.
So far, only three genes that appear to function in oxidative stress resistance in P.
gingivalis have been characterized. Although this information does shed some light on
how P. gingivalis copes under conditions of environmental oxygen and hydrogen
peroxide in vitro, no information is available to suggest a role for any of these genes in
virulence. Since this organism is anaerobic, it seems more likely, therefore, that
abrogation in oxidative stress defense mechanisms should affect virulence. In addition,
the hemin layer of P. gingivalis has been postulated, and subsequently demonstrated, to
play a unique role in oxidative stress resistance (147, 148). It was reported that the hemin
layer detoxifies hydrogen peroxide and protects the organism from oxidative stress.
While this information has enhanced our current knowledge on a unique mechanism of
oxidative stress resistance in P. gingivalis, there is still a gap in our understanding on
how a non-pigmented mutant of P. gingivalis would respond under conditions of
oxidative stress. A portion of this study sought to answer this question.
The major target of ROS is DNA. Research has shown that many organisms, E.
coli being the most intensely studied, utilize DNA repair enzymes as a mechanism of
oxidative stress (39, 68). It is tempting to speculate as to the importance of protecting the
DNA of P. gingivalis from oxidative damage since it is an anaerobe. Moreover, there is
no information on the role of DNA repair in oxidative stress in P. gingivalis.
Consequently, our research efforts also investigated DNA repair as an oxidative stress
resistance mechanism in P. gingivalis.
55

In this study on mechanisms of oxidative stress in P. gingivalis, we hypothesized
that:
(1) The alkylhydroperoxidase subunit C (ahpC) gene is a peroxidase, and P.
gingivalis ahpC mutants would be more sensitive to oxidative stress than the
wild-type and less virulent in a murine model.
(2) The bacterioferritin comigratory protein (bcp) gene is a peroxidase, and P.
gingivalis bcp mutants would be more sensitive to oxidative stress than the wildtype and less virulent in a murine model.
(3) P. gingivalis FLL92, a vimA defective mutant, would be more sensitive to
oxidative stress than the wild-type and possess more 8-oxoguanine and 8oxoguanine associated repair activity than the wild-type.
An understanding of what occurs to the organism during oxidative stress will enhance our
understanding its coping and survival mechanism within the periodontal pocket and
potentially enable us to target specific therapies for periodontitis intervention.
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CHAPTER TWO

ALKYL HYDROPEROXIDE PEROXIDASE SUBUNIT C (AHPC) PROTECTS
AGAINST ORGANIC PEROXIDES BUT DOES NOT AFFECT THE VIRULENCE OF
PORPHYROMONAS GINGIVALIS W83

N. A. Johnson*, Y. Liu^ and H. M. Fletcher.
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A. ABSTRACT

The cloned Porphyromonas gingivalis alkyl hydroperoxide reductase (ahpC) gene
complemented an ahpC defect in Escherichia coli. To study the role of AhpC in
protecting against oxidative stress in P. gingivalis, a 1.8 kb fragment containing the ahpC
gene was amplified from the chromosome of P. gingivalis W83. This gene, insertionally
inactivated using the ermF-ermAM antibiotic resistance cassette, was used to create a
<2/2/?C-deficient mutant by allelic exchange. One mutant strain designated FLL141,
demonstrated no change in the growth rate, black pigmentation, beta-hemolysis or level
of proteolytic activity compared to the parent strain. Although P. gingivalis FLL141 was
more sensitive to hydrogen peroxide than the parent strain, there was no change in its
virulence potential in the mouse model compared to the wild-type strain. These findings
suggest that the ahpC gene plays a role in peroxide resistance in P. gingivalis but does
not contribute significantly to virulence.
B. INTRODUCTION
Porphyromonas gingivalis, a black-pigmented, gram-negative anaerobe has been
implicated as an important etiological agent in adult periodontitis. This organism
possesses several putative virulence factors (e.g. hydrolytic enzymes, fimbriae,
hemagglutinin, capsule, and lipopolysaccharide) that can directly affect the periodontium
or elicit host functions that result in destruction typical of advanced periodontitis
(15,21,25). In addition, colonization of the inflammatory microenvironment of the
periodontal pocket by this organism would require an ability to overcome oxidative stress
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resulting from bactericidal metabolites generated from neutrophils (2) and occasional
exposure to air (4). Reactive oxygen metabolites such as superoxide (O2 ), hydrogen
peroxide (H2O2) and the hydroxide radical (OH') are major components of bactericidal
activity of polymorphonuclear leukocytes (10,35). The toxic oxygen metabolites can be
neutralized by superoxide dismutase (SOD), catalase, and peroxidase, all of which are
generally expressed by aerobic and many anaerobic bacteria (6,33). Although P.
gingivalis is oxygen tolerant (4) and expresses SOD activity (11,24,25), it is missing
catalase activity (3,11,24,25).
Protection against organic peroxides in bacteria is facilitated by the peroxide
scavenging enzyme Ahp (Alkyl hydroperoxide reductase) (33). This enzyme consists of
two components, a 22 kDa protein (AhpC) with peroxidase activity and a 57 kDa
flavoprotein (AhpF) (38). AhpC has been shown to act as a specific alkyl hydroperoxide
scavenging enzyme for protection against oxygen radical damage (16). The ahpC
homologue in P. gingivalis was identified from the P. gingivalis genome project (27).
This gene is approximately 63% identical to the ahpC gene in Bacteroides fragilis which
also demonstrates a peroxide-scavenging function (34). Using the cloned ahpC gene, a
mutant defective in that gene was constructed by allelic exchange. This strain designated
P. gingivalis FLL141, exhibited increased sensitivity to hydrogen peroxide. However, in
the mouse model of virulence, there was no change in the pathogenic potential of the
tf/z/?C-defective mutant compared to the wild-type strain. These results suggest that the
ahpC homologue in P. gingivalis may play an important role in protecting this organism
against toxic hydroperoxides but does not significantly affect its virulence.
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C. MATERIALS AND METHODS
C.l. Bacterial strains and culture conditions

P. gingivalis was grown in brain heart infusion (BHI) broth (Difco Laboatories, Detroit,
Mich.) supplemented with hemin (5pg/ml), and cysteine (1%). E.coli strains were grown
in Luria-Bertani(LB) broth. Unless otherwise stated all cultures were incubated at 37°C.
P. gingivalis was maintained in an anaerobic chamber (Coy Manufacturing, Ann Arbor,
MI.) in 10% H2, 10% CO2 and 80% N2. Growth rates for P. gingivalis strains were
determined spectrophotometrically (optical density at 600nm). Hemolysis and
pigmentation were determined by plating P. gingivalis on Brucella Blood agar (Anaerobe
Systems, Morgan Hill, CA) which was incubated for 7 to 10 days.

C.2. DNA isolation and analysis

P. gingivalis chromosomal DNA was prepared by the method of Marmur (19). For
plasmid DNA analysis, DNA extraction was performed following the alkaline lysis
procedure of Bimboim and Doly (7). For large scale preparation, plasmids were purified
using the Qiagen plasmid midi kit as per the manufacture’s instruction (Qiagen, Valencia,
CA,). DNA was digested by restriction enzymes as specified by the manufacturer
(Boehringer Mannheim Corporation, Indianapolis, IN). DNA fragments were separated
by electrophoresis ( 0.7% agarose; TAB buffer [0.4 M Tris- acetate, 0.001 M EDTA, pH
8.0]) and purified using the Geneclean II kit according to the manufacturer's
recommendations (Bio 101 Inc., La Jolla, CA).
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C.3. DNA sequencing

Nucleotide sequences were determined by the dideoxy-chain termination method (12) at
the DNA core facility of Loma Linda University (Loma Linda, CA). Oligonucleotide
primers used in sequencing reactions were obtained from Invitrogen (Invitrogen Corp.,
Carlsbad, CA). Nucleotide sequences were analyzed using the Sequencer software
package (Gene Codes Corporation, Ann Arbor, MI).

C.4 PCR analysis of RNase treated chromosomal DNA from P. gingivalis
The polymerase chain reaction amplification was performed with the Perkin Elmer Cetus
DNA Thermal Cycler (Perkin-Elmer Corporation, Norwalk, Conn.). The primers used in
this study (Table 1) were synthesized at the Nucleic Acid Core Facility at Loma Linda
University (Loma Linda, CA). The reaction mixture (50 pi), containing Ipl of template
DNA (0.5 pg), IpM of each primer, 0.2 mM of dNTPs in IX Expand High Fidelity
System buffer, was denatured for 2 min at 94°C, then 1.73 U of Expend High Fidelity
System enzyme was added (Boehringer Mannheim Corp., IN). The PCR reaction
consisted of 30 cycles with a temperature profile of 94°C for 30 seconds, 55°C for 1
minute and 72°C for 2 minutes. The final extension was performed at 72°C for 7 min. The
PCR amplified DNA was then identified by 1% agarose gel electrophoresis.

C.5. Reverse transcriptase polymerase chain reaction (RT-PCR) analysis of DNAse
treated RNA extracted from P. gingivalis
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Total RNA was extracted from P.gingivalis W83 and P.gingivalis FLL141 grown to mid
log phase using the Totally RNA kit (Ambion,Austin TX). The reaction mixture (50pl)
contained Ipg of template RNA,lpM of each primer, 0.2 mM of dNTPs, ImM of
magnesium sulphate, 1 unit of reverse transcriptase/platinium Taq DNA polymerase
(Invitrogen, Carlsbad CA) for first strand and second strand cDNA synthesis. Taq
polymerase alone was used for control reactions. The reverse transcription reaction was
performed at 50°C for 44 min and then stopped by raising the temperature to 94°C for 2
min. PCR amplification was performed with a Perkin-Elmer Cetus DNA themal Cycler
(Perkin Elmer Corporation, Norwalk, CT). The amplification consisted of 30 cycles with
a temperature profile of 94°C for 30s, 50°C for 1 min and 72°C for 2 min. The final
products were analyzed by 1% agarose gel electrophoresis.
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Primer

Nucleotide sequence

Comments

PCR
P1

5' GTGAGCTAAATTCATGGC 3'

5' primer upstream ahpC gene

P2

5' ATGCTGACCTCATAGGGA 3

5' primer downstream a/pC gene

P3

5’ ATGACTCCTATCCTGAACACCG 3

5' primer from ATG of ahpC gene

P4

3 TCAATGCTCGGTTTCAGTGT 3

3 primer from end of ahpC gene

P5

5' AGTCGGTGCCTACGCTAG 3

P6

5' AAATCAGGTTCTCGATCCCGA 3

3 primer from end of ahpF gene
5' primer spedfic for an intragenic
region of ahpF gene

RT-PCR

Table 1. Oligonucleotide Primers used in this study
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C.6. Cloning and expression of P. gingivalis ahpC gene

The 0.5 kb ahpC gene was amplified from P. gingivalis chromosomal DNA using
primers PI and P2 (Tablel) by PCR. The ahpC gene was TOPO® TA cloned into the
pTrcHis2 expression vector (Invitrogen,Carlsbad,CA) and transformed in to E. coli
TOP 10 cells. The transformed E. coli cells were shaken at 37°C for 1 h and 50pl aliquots
were plated on LB agar plates containing ampicillin (lOOpg/ml) and incubated overnight
at 37°C. Plasmid DNA was extracted from ampicillin resistant colonies and digested with
EcoRl (New England Biolabs) to confirm the orientation of the ahpC gene. One plasmid
with the ahpC gene in the correct orientation was chosen and designated pFLL302.1. The
expression of the ahpC gene was then induced for 3 hours using ImM IPTG (isopropylbeta-D-galactopyranoside). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS PAGE) was then performed with a 10%-12% separating gel (Invitrogen, Carlsbad,
CA).The samples were electrophoresed at constant voltage of 200V for 45 min and
stained with Simply blue stain (Invitrogen, Carlsbad, CA) for 1 hour , destained in
distilled water for 30 min and then visualized.

C.7. Complementation of E. coli ahpc defective mutant

E .coli J1370 (36), an ahpC defective mutant was transformed with the plasmid
pFLL302.1 carrying the P. gingivalis ahpC homologue. Transformed E .coli cells were
plated on LB agar plates with ampicillin (lOOpg/ml) and grown overnight at 37°C. One
ampicillin resistant transformant carrying pFLL302.1 was compared with E. coli strains
J1370 and MG1655 (36), the wildtype strain (generously donated by Dr. Jim Imlay,
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University of Illinois, Urbana, IL). All strains were grown overnight in LB broth. lOOgl of
each of the overnight cultures was subcultured into 100ml LB broth and grown to mid log
phase (OD 0.4). lOOpl aliquots of each of the cultures were then plated onto a LB agar
with and without ImM IPTG. lOpl of a 3% H2O2 solution was then placed on blank 6mm
antibiotic disks and placed in the center of the plate. Blank disks with distilled water were
used as controls. The plates were then incubated at 37°C overnight and the zones of
inhibition were measured. All experiments were performed in triplicate.

C.8. Mutagenesis of the cloned P. gingivalis ahpC homolog

A 1.8 kb fragment containing the ahpC gene and flanking regions was amplified by PCR
using PI and P2 primers (Table 1). The 1.8 kb fragment was digested with Acc\ and
EcoRV, purified using Geneclean II kit (Bio 101, Carlsbad, CA) and ligated into the Accl
-Sma I site of pBluescript KS + (GibcoBRL,Carlsbad,CA). The recombinant plasmid
carrying the cloned ahpC gene and flanking DNA was digested with Mscl and
dephosphorylated. pVA2198 containing the 2.1 kb ermF-ermAM cassette was digested
with Sad and BamHI and treated with Klenow (Roche, Indianapolis,IN). The blunt ended
ermF-ermAM antibiotic cassette was ligated into the Mscl site of pFLL139 (Fig.l). The
recombinant plasmid pFLL140 was used as a donor to electroporate P. gingivalis W83.

C.9. Electroporation of P. gingivalis
Electroporation of cells was performed as previously reported (14). Briefly, 1 ml of an
actively growing culture of P. gingivalis was used to inoculate 10 ml BHI broth
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supplemented with hemin and vitamin K, which then was incubated overnight at 370C.
Seventy milliliters of warmed medium (37°C) then was inoculated with 3 ml of the
overnight culture and incubated for an additional 4 h. The cells were harvested by
centrifugation at 2,600x g for 7 min at 4°C and washed in 70ml of electroporation buffer
(10% glycerol and 1 mM MgCb filter sterilized and stored at 4°C), and the pellet was
suspended in 0.5ml of electroporation buffer. A lOOpl aliquot of cells plus Ipg of DNA
was placed in a sterile electrode cuvette (0.2cm gap). The cells were pulsed with a BioRad gene pulser for 4.2 ms at 2,500 V (12.5kV/cm) and then incubated on ice for 3 min.
The cell suspension was added to 0.5 ml of BHI broth supplemented with Hemin and
vitamin K and incubated for approximately 16 h. A lOOpl sample was plated on solid
medium containing clindamycin (5pg/ml) and incubated anaerobically at 37°C for 7 to 10
days.

C.10. Sensitivity testing
P. gingivalis W83 and P .gingivalis FLL141 the ahpC defective isogenic mutant strain
were tested for sensitivity to hydrogen peroxide and cumene hydrogen peroxide. P.
gingivalis W83 and FLL141 were grown to early log phase (ODeoo of 0.2) in BHI broth
supplemented with hemin and vitamin K. H2O2, or cumene hydrogen peroxide at
concentrations of O.lmM, 0.25mM, 0.5mM or ImM was then added to the cell cultures
and further incubated for 16 h. At 4h intervals, the optical density (600nm) of the cells
was determined. Cell cultures without peroxides were used as controls.

C.ll. Proteolytic Assay
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Preparations of whole cell culture media were done as previously reported (1). The
presence of Arg-X activity was determined using a microplate reader (Bio-Rad
Laboratories) according to the methods of Potempa et al. (29)

C.12. Virulence testing

P. gingivalis strain W83 and the isogenic mutant strain FLL141 were tested for
invasiveness in a murine model as previously described (14). Briefly, 1ml of am actively
growing culture oiP gingivalis was used to inoculate 15ml of BHI broth supplemented
with hemin (lug/ml), vitamin K (lug/ml), and cystine (0.5ug/ml) and incubated overnight
at 37°C. To 85 ml of prewarmed BHI (37°C) was added the 15ml of overnight culture,
incubated for 6 h and then used to inoculate 900ml of prewarmed BHI broth and further
incubated for 24 h at 37°C. The cells were centrifuged and washed in sterile phosphatebuffered saline (PBS) and adjusted to the desired concentration in PBS. All mice were
challenged by subcutaneous injections of 0.1ml of bacterial suspension at two sites on the
dorsal surface. Mice were then examined daily to assess their general health status, as
well as the presence and location of lesion. Weights were determined for all surviving
mice. These experiments were performed under authorization of an institutionally
approved protocol (18).

D. RESULTS
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D.l. Complementation oiE. coli a/ipC-defective mutant with P. gingivalis ahpC
homologue

Chromosomal DNA from P. gingivalis W83 was subject to PCR analysis using primers
(P3 and P4; Table 1.) that would amplify the 0.5 kb ahpC gene. This purified DNA
fragment was inserted into pTrcHis2 under control of the trc (9,23) promoter, confirmed
by nucleotide sequencing analysis and designated pFLL302.1. E. coli J1370 an ahpCdefective mutant transformed with the expression plasmid pFLL302.1 {ahpC homologue)
was exposed hydrogen peroxide (Table 2). E. coli J1370 with the plasmid pFLL302.1
showed a similar level of sensitivity to hydrogen peroxide as the wild-type strain {E. coli
MG1655) in the presence of EPTG. In contrast, in the absence of IPTG, E. coli J1370
carrying pFLL302.1 demonstrated a similar sensitivity to hydrogen peroxide as J1370
(Table 2). To further confirm if the P. gingivalis AhpC was expressed in E.coli, cell
lysate of E. coli J1370 carrying pFLL302.1 was analyzed by SDS-PAGE. As shown in
Figure 1 (lane 1), the predicted 22 kDa protein was observed to be upregulated in the
presence of IPTG. Collectively, these data indicate that the P.gingivalis

homologue

can complement an E.coli AhpC defective mutant and may function similarly to E.coli
ahpC in detoxifying hydrogen peroxide.
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TABLE 2. Complementation on E.coli ahpC mutant with P.gingivalis ahpC

Diameter of disk inhibition zones (cm)
E.coli strains

3% Hydrogen peroxide
+ IPTG

-IPTG

MG1655 (wild-type)

0.6

0.6

J1370 (ahpCFv.kan)

1.7

1.6

J1370 + P.gingivalis ahpC

0.7

1.4

Table 2. Complementation of E. coli ahpC mutant with P. gingivalis ahpC
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Figure 2.1 Expression of P. gingivalis ahpC gene in E. coli
E. coli TOPIO cells carrying the recombinant plasmids were grown to mid log phase and
induced with ImM IPTG for 3h. Samples were separated by SDS PAGE and stained with
Simply Blue®. Lanes: (1) E. coli carrying plasmid pFLL302.1 (ahpC homologue)
induced with ImM IPTG for 3h ; (2) E. coli carrying plasmid pFLL302.1 in the absence
of IPTG; (3) E. coli carrying plasmid pFLL300.1 expressing unrelated protein
(bacterioferritin comigratory protein) induced with 1M IPTG: (4) E. coli carrying plasmid
pFLL300.1 in the absence of IPTG. Each lane contains 20pg of protein
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D.2. Inactivation of the ahpC gene in P. gingivalis W83 by allelic exchange
mutagenesis

An isogenic P. gingivalis W83 mutant defective in the ahpC gene was constructed by
allelic exchange mutagenesis as depicted in Fig.2.2 The recombinant plasmid pFLL140
which carries the ermF-ermAM cassette in the unique Mscl site of the ahpC gene was
used as a donor to electroporate P. gingivalis W83. Because the plasmid cannot replicate
in P. gingivalis, we predicted that two double crossover events between the regions
flanking the erm marker and the wild-type gene on the chromosome would result in
replacement of a segment of the wild-type gene with the fragment conferring clindamycin
resistance. Following electroporation and plating on selective media we detected 50
clindamycin resistant colonies after 6 days of incubation. Randomly chosen colonies
were further plated on Brucella blood agar (Anaerobic Systems Inc., San Jose,CA) to
determine any pleiotropic phenotypic effects of the clindamycin resistant mutants.
Similar to the wild-type strain, all of the clindamycin resistant mutants displayed a |3hemolytic and black pigmented phenotype. Chromosomal DNA from three randomly
chosen colonies and the wild-type W83 strain was subjected to PCR using primers for the
1.8 kb ahpC gene fragment. If the ahpC gene was interrupted by the ermF-ermAM
cassette, a 3.9 kb fragment was expected to be amplified. As shown in Figure 2.3, the
expected 3.9 kb fragment and 1.8 kb fragment was observed in the three clindamycin
resistant strains and the wild-type W83 respectively. Taken together these results suggest
the insertional inactivation of the chromosomal ahpC gene with the 2.1 kb ermF-ermAM
antibiotic cassette. One strain from the three ahpC-&efect\ve mutants, designated P.
gingivalis FLL141, was randomly chosen for further studies.
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Figure 2.2 Construction of an alkyl hydroperoxide reductase mutant by allelic exchange
The P. gingivalis ahpC homologue was amplified by PCR from the chromosome of strain
W83. pFLLMO contained part of the ahpC gene interrupted by the ermF-ermAM
cassette. This plasmid was introduced in P. gingivalis W83 by electroporation. A
reciprocal recombination event between areas of homology on the target cell's
chromosome and regions flanking the ermF-ermAM cassette of pFLL140 replaced the
wild-type ahpC gene with a fragment containing the ermF-ermAM cassette. P. gingivalis
cells were incubated about 12 h post electroporation and plated on supplemented BHI
with clindamycin (0.5 pg/ml) for 7 - 10 days at 37° C.
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D.3. RT-PCR analysis of P. gingivalis FLL141 and W83.

To further confirm the inactivation of the ahpC gene in P. gingivalis FLL141 and to
determine if the ahpC and aphF genes were part of the same transcriptional unit, total
RNA was isolated from the wild-type W83 and the ahpC-defective mutant FLL141
grown to mid log phase. Specific intragenic oligonucleotide primers for the ahpC and
ahpF genes (Table 1) were used in RT-PCR analysis. Since primers specific for the ahpC
and ahpF genes would yield 0.5 kb and 0.7kb fragments respectively, a 0.5 kb fragment
should be amplified in the wild-type strain but should be missing in P. gingivalis
FLL141. Furthermore, if both genes are part of the same transcriptional unit, a 1.2 kb
fragment should be amplified in the wild-type strain which should be absent in the mutant
strain. As shown in Figure 4, fragments of 0.5 kb and 0.7 kb in size were amplified in the
wild-type strain using ahpC and ahpF specific primers respectively. A 1.2 kb fragment
was amplified in the wild-type when the a/zpC-specific ‘5 primer and the a/j/xF-specific 3'
primer were used. In contrast to these results, only a 0.7 kb fragment using the ahpFspecific primers was amplified observed in the a/z/?C-defective mutant FLL141. There
were no amplified fragments observed for either the wild-type strain or the mutant when
reverse transcriptase was absent in the reaction mix (Figure 2.4). Taken together this data
confirms the inactivation of the ahpC gene in P. gingivalis FLL141 and may suggest
cotranscription of the ahpC and ahpF genes in P. gingivalis.
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Figure 2.3 PCR analysis of allelic exchange mutants of P. gingivalis carrying the ahpC gene
inactivated with the ermF-ermAM cassette
Oligonucleotide primers specific for the ahpC gene (PI and P2; Table 1) were used to
amplify that gene from total cellular DNA from P. gingivalis. Lane 1, P. gingivalis
FLL141 (ahpC\\ermF-ermAM)\ lane 2, P. gingivalis FLL141.1 (ahpC::ermF-ermAM);
lane 3, P. gingivalis FLL141.2 (ahpC::ermF-ermAM); and lane 4 P. gingivalis W83
(wild-type)

75

A

B
1 2 3 4

5

1 2 3 4

5

1.2 kb
0.7 kb

Vv

11

0.5 kb

■

i!t:i

mm

Figure 2.4 RT-PCR analysis of RNA extracted from P. gingivalis
Total RNA was extracted from W83 (Panel A) or FLL141 (Panel B) grown to mid-log
phase using the Totally RNA kit (Ambion, Austin TX). Panel A. Lanes: (1) intragenic
primers (P3 and P4, Tablel) for ahpC minus reverse transcriptase (negative control); (2)
intragenic primers (P3 and P4, Tablel) for ahpC plus reverse transcriptase; (3) intragenic
primers (P6 and P5, Tablel) for ahpFmmus reverse transcriptase (negative control); (4)
intragenic primers (P6 and P5, Tablel) for a/zpFplus reverse transcriptase; (5) 5’ primer
(P3, Tablel) from ahpC and 3’ primer (P5, Tablel) from ahpF. Panel B. Lanes: (1)
intragenic primers (P3 and P4, Tablel) for ahpC plus reverse transcriptase; (2) intragenic
primers (P3 and P4, Tablel) for ahpC minus reverse transcriptase (negative control) ; (3)
intragenic primers (P6 and P5, Tablel) for a/zpFplus reverse transcriptase; (4) intragenic
primers (P6 and P5, Tablel) for ahpF minus reverse transcriptase (negative control); (5)
5' primer (P3, Tablel) from ahpC and 3' primer (P5, Tablel) from ahpF. All lanes
contain Sul of the amplified mixture.
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D.4. Proteolytic activity of P. gingivalis FLL141

Strains of P. gingivalis W83 and P. gingivalis FLL141 were assayed for proteolytic
activity using a-benzoyl-DL-arginine /?-nitroanilide (BAPNA) and Z-lysine pnitroanilide. In late exponential growth phase cultures, both arginine-X and lysine-X
proteolytic activities of P. gingivalis FLL141 were 99.8% of the activity compared to the
wild type W83. Taken together, these data suggest that under the same physiological
condition, the proteolytic profile for P. gingivalis W83 and P. gingivalis FLL141 was
unaltered.

D.5. Sensitivity ofP. gingivalis FLL141 to organic peroxides

P. gingivalis W83 and the isogenic mutant P. gingivalis FLL141 were assessed for
sensitivity to peroxides. Hydrogen peroxide and cumene hydroperoxide was prepared at
various concentrations in BHI. In contrast to the parent strain, P. gingivalis FLL141
demonstrated an 8 fold greater sensitivity to hydrogen peroxide at a concentration of
0.5mM (Fig.5). The threshold for a difference in sensitivity to hydrogen peroxide
between the ahpC defective mutant and the wild-type was reached at 0.5mM. Similarly,
both strains showed the same sensitivity to cumene hydroperoxide at all concentration
tested (data not shown). Taken together, this data suggests that P. gingivalis FLL141 has
an increased sensitivity to organic peroxides compared to the wild type W83.
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Figure 2.5 Sensitivity of P. gingivalis ahpC mutant to hydrogen peroxide
P. gingivalis was grown to early log phase (OD600 of 0.2) in BHI broth supplemented
with hemin and vitamin K. H2O2 (0.5mM; # W83, ■ FLL141) was then added to the
cell cultures and further incubated for 16 h. Cell cultures without H2O2 ( ♦ W83, A
FLL141) were used as controls. The results shown are representative of 3 independent
experiments

78

D.6. Virulence testing of P. gingivalis FLL141

Protection against peroxide damage during the course of an infection plays a significant
role in pathogenesis (26). Since P. gingivalis FLL141 was more sensitive to peroxides
than W83, its virulence potential in the mouse model was of assessed. We had previously
shown that the LD50 of P. gingivalis W83 in the BALB/c mouse model is approximately
3 x 109 (14). Within 48 hr, 2 of 4 animals challenged with P. gingivalis (wild-type) at a
dose of 3 x 109 had developed spreading, ulcerative abdominal lesions and died. The
surviving animals appeared cachectic and hunched with ruffled hair however all
recovered before the end of the 14-day observation period. Similarly, at 48 hr, 5 of 10
animals challenged with P. gingivalis FLL141 (a/zpC-defective mutant) at a dose of 3 x
109 had developed spreading, ulcerative abdominal lesions and died. All of the surviving
animals appeared cachectic and hunched with ruffled hair and also recovered during the
14-day observation period. In both groups, the lesions began healing by day 6
postchallenge. All animals challenged with a 1 xio10 dose of the wild-type (five of five)
or the P. gingivalis FLL141 (ten of ten) died by 48 hr. Although the mice did not display
lesions at the dorsal surface site of injection, all had developed spreading, ulcerative
abdominal lesions. These data suggest that there is no detectable difference in the
virulence potential of the a/z/?C-defective mutant P. gingivalis FLL141 compared with the
parent strain
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E. DISCUSSION

Bacterial exposure to reactive oxygen intermediates results in oxidative stress that
causes damage to nucleic acids, proteins and cell membranes. In several bacterial strains
including Salmonella typhimurium, E. coli and the anaerobic bacterium Bacteroides
fragilis, this oxidative stress results in the induction of several proteins that help to reduce
the detrimental effects of these reactive oxygen species (32,37,43). AhpC, one such
protein, is essential for the elimination of alkyl hydroperoxides (38). The inflammatory
nature of the P. gingivalis-associated diseases suggest the ability to overcome oxidative
stress may be critical in the pathogenesis of this anaerobic organism. Thus it was a
logical hypothesis that the ahpC gene in this organism may play a significant role in its
pathogenicity.
An analysis of the P. gingivalis genome indicated the presence of an ahpC
homologue that appears to have a similar genetic architecture observed in other bacteria
(27). This gene when expressed in E .coli encoded for a protein of the expected size and
complemented the ahpC defect in that strain. This indicated that the P. gingivalis ahpc
homologue that shares 75% similarity to the E. coli ahpC gene
[http://tigrblast.tigr.org/cmr-blast] has a similar function in that strain.

80

In this study, inactivation of the ahpC gene in P .gingivalis has allowed us to
confirm the role of this gene in oxidative stress. A comparison of the sensitivities of the
ahpC-defective mutant P. gingivalis FLL141 and the parent strain to hydrogen peroxide
suggest that the ahpC gene in P. gingivalis plays a significant role in oxidative stress
resistance. This is consistent with similar observations in B. fragilis and other pathogenic
bacteria where ahpC is important in resistance to damage from peroxides (5,34).
Although not determined in this study, it was also shown that in B. fragilis this gene is
up-regulated by either oxygen exposure or addition of exogenous hydrogen peroxide
(34).

RT-PCR analysis of the ahpC and ahpF genes in P. gingivalis in our study
showed that they are part of the same transcriptional unit. In addition, a 0.7 kb fragment
was revealed in further RT-PCR analysis of the c//z/?C-defective mutant P. gingivalis
FLL141 using a/z^F-specific oligonucleotide primers. Taken together, these data suggest
the ahpC and ahpF could be transcribed as moncistronic and polycistronic RNA. In most
bacteria there are two subunits of the alkyl hydroperoxide reductases, a 22 kD AhpC
subunit and a 52 kD AhpF subunit responsible for substrate binding and flavoprotein
sulphide oxidoreductase activities respectively (38,40). AhpC usually reduces the alkyl
hydroperoxides to the corresponding alcohols and the AhpF reduces the oxidized AhpC
by transferring electrons from NADH or NADPH (30,40). In a previous report (34)
differential moncistronic and polycistronic transcriptional units for ahpCF have been
demonstrated in B. fragilis. In other reports E.coli and Salmonella typhimurium have
been shown to transcribe ahpCF mRNA polycistronically (38). The significance
however of these expression patterns is unclear.
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The a/jpC-defective mutant was black-pigmented and had similar growth rate, phemolytic and proteolytic profiles as the parent strain. While this suggests that the
inactivation of the ahpC gene did not affect the proteases, one of its major virulence
factors, taken together, its increased sensitivity to hydrogen peroxide could impact its
pathogenicity. Protection against peroxide damage during the course of an infection is
important for survival of the invading microorganism especially during its interaction
with macrophages and other polymorphonuclear cells (22). Virulence studies in the
mouse model using the parent strain and the isogenic mutant P. gingivalis FLL141
suggest that there is no discernible difference in the virulence potential of the ahpCdefective mutant compared to the wild-type strain. These data are consistent with similar
experiments conducted with a Salmonella typhimurium a/z/?C-defective mutant. Results
from these studies confirmed increased sensitivity of the ahpC mutant to peroxides in
vitro but no change in its virulence in a mouse model (41).
The inability of the disrupted ahpC gene to affect the virulence potential of P.
gingivalis could raise questions on its in vivo significance. Colonization of the
periodontal pocket is often dependent on the coaggregation of several bacterial species
(31). These interacting species that are present in the biofilm may reduce the oxygen
concentration to levels that can be adequately detoxified by enzymes produced by the
anaerobes (8,20). A recent report by Diaz et al have demonstrated the importance of
Fusobacterium nucleatum and P. gingivalis coaggregation in protecting against oxidative
stress (13). In this study F. nucleatum supported the growth of P. gingivalis in an
oxygenated and carbon dioxide depleted environments. In addition to this strategy, it is
also possible that other redundant mechanism(s) maybe present in P. gingivalis that could
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be upregulated during the infectious process, and may be important in protection against
damage due to oxidative stress. A survey of the P. gingivalis genome
[http://www.oralgen.lanl.gov/] reveals the presence of several genes (including oxyR, dps,
bcp ruberythrin and NADH oxidase) that might potentially be involved in mediation of
oxidative stress defense. The bcp and NADH oxidase genes have been identified as a
member of the TSA/alkylhydroperoxide peroxidase C (AhpC) family(17). The bcp and
NADH oxidase genes are widespread among pathogenic bacteria including P. gingivalis
and function in E. coli and Amphibacillis xylanus respectively as a general
hydroperoxide peroxidases (17,28). It has been recently shown that both Dps and
rubrerythrin both function in the detoxification of peroxides and contribute significantly
to the survivability of P. gingivalis (39,42). Their significance in the virulence potential
of P. gingivalis is unknown. In addition, OxyR has been identified as a regulator of many
oxidative stress genes including ahpCF, dps and katG (not present in P. gingivalis), in the
peroxide response of a similar anaerobe, Bacteroides fragilis (32). Generally, in obligate
anaerobes and some facultative anaerobes, oxyR appears to be up regulated in situations
where other oxidative stress genes are impaired (10). However the function of the OxyR
protein in P. gingivalis is still unknown.
In conclusion we have shown that the P. gingivalis ahpC gene can be expressed in
E. coli and is functionally similar to the AhpC of this organism in protection against
oxidative stress. While the P. gingivalis ahpC defective mutant showed increased
sensitivity to organic peroxides when compared to the wild-type strain, this mutant had a
similar virulence profile in a mouse model suggesting there might be multiple
mechanisms for oxidative stress resistance. Further characterization of the relationship
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between the ahpC gene and the other putative oxidative stress defense genes in P.
gingivalis should give us insight into the possible mechanism(s) for oxidative stress
resistance in anaerobes.
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CHAPTER THREE

THE BCP GENE IN THE BCP-RECA-VIMA OPERON IS IMPORTANT IN
OXIDATIVE STRESS RESISTANCE IN PORPHYROMONAS GINGIVALIS W83

N. A. Johnson and H. M. Fletcher.
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A. ABSTRACT

We have investigated the role of the bacterioferritin comigratory protein (bcp)
gene in oxidative stress resistance in Porphyromonas gingivalis. Survival of this organism
in the inflammatory environment of the periodontal pocket requires an ability to overcome
oxidative stress caused by reactive oxygen species generated by neutrophils. RT- PCR
analysis of P. gingivalis W83 RNA revealed that the bcp gene is part of the bcp-recA-vimA
transcriptional unit. Previous investigation of this locus demonstrated a role for the recA
and vimA genes in DNA repair and protease distribution respectively. To further
characterize the bcp gene, we created a P. gingivalis 6cp-defective isogenic mutant by
allelic exchange. The bcp mutant designated FLL301 was similar to the parent strain in
growth rate, black pigmentation, beta hemolysis, and UV sensitivity. However, there was a
30% reduction in both Arg-X and Lys-X cysteine protease activities in the mutant strain
compared to the wild-type. The distribution of these activities was similar in both strains.
When exposed to 0.25 mM hydrogen peroxide, P. gingivalis FLL301 was more sensitive
than the wild-type. RT-PCR analysis of P. gingivalis FLL301 RNA revealed the
transcription of the recA and vimA genes. Further, P. gingivalis FLL301 and the wild-type
had similar virulence profiles in a mouse model of virulence. Taken together, these data
suggest that the bcp, recA and vimA genes, though part of the same transcriptional unit, can
be transcribed independently. Additionally, the bcp gene may play a role in oxidative stress
resistance but does not function significantly in virulence.
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B. INTRODUCTION

Porphyromonas gingivalis is a black pigmented, gram negative bacillus commonly
identified as a major etiological agent in adult periodontitis. This periodontal pathogen
possesses several virulence factors (e.g. hydrolytic enzymes, fimbriae, hemagglutinin,
capsule, and lipopolysaccharide) that can directly affect the periodontium or elicit host
functions that result in destruction typical of advanced periodontitis (19, 29, 34). Survival
of this organism in the periodontal pocket would necessitate mechanisms to surmount
oxidative stress caused by exposure to air or reactive oxygen intermediates such as
hydrogen peroxide (H2O2), superoxide (O2’) and the hydroxide radical (OH') generated
by neutrophils and macrophages (12, 43). Oxidative stress is defined as a perturbation in
the balance between pro-oxidants and antioxidants in favor of the antioxidants. Two
major mechanisms utilized by bacteria to overcome oxidative stress include the use of (i)
endonucleases eg. nei, nth,fpg and muty (10, 20, 30, 35, 40) and (ii) antioxidant enzymes
such as superoxide dismutase (SOD), alkyl hydroperoxidase subunit CF (AhpCF) and
catalase (4, 5, 7, 34, 42, 48). Toxic oxygen metabolites can be neutralized by superoxide
dismutase (SOD), catalase, and peroxidase, all of which are generally expressed by
aerobic and many anaerobic bacteria (8, 41). Although P. gingivalis is oxygen tolerant (6)
and expresses SOD activity (13, 33, 34), it is missing catalase activity (5, 13, 33, 34).
In addition to the aforementioned antioxidant enzymes, recent reports have
demonstrated a role for the Bcp in oxidative stress resistance (25, 26). The Bcp is a part
of the thiol-specific antioxidant (TSA)/alkyl hydroperoxidase family and functions in a
similar way to the AhpC in detoxifying hydrogen peroxide (25). The bcp gene in P.
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gingivalis has been identified upstream of the recA and vimA genes. Previous reports
have attributed the function of DNA repair and protease activation and maturation to the
recA and vimA genes respectively (1, 16). In addition we have hypothesized that the bcp
gene may be co-transcribed with the recA and vimA genes (1). In order to test this
hypothesis and to determine a role for the P. gingivalis bcp gene in oxidative stress
resistance, we cloned and expressed this gene in E. coli, and created a P. gingivalis bcpdefective mutant by allelic exchange. The P. gingivalis bcp homologue that was 60 %
similar to the E. coli bcp was unable to complement an E. coli &cp-defective mutant.
However the P. gingivalis Z>cp-defective mutant designated FLL301 exhibited decreased
proteolytic activity and increased sensitivity to hydrogen peroxide when compared to the
wild-type W83. In the mouse model of virulence, there was no change in the pathogenic
potential of the &c/?-defective mutant compared to the wild-type strain. These results
suggest that the bcp homologue in P. gingivalis may play an important role in protecting
this organism against toxic hydrogen peroxide but does not significantly affect its
virulence.

C. MATERIALS AND METHODS

C.l Bacterial strains and culture conditions

P. gingivalis was grown in brain heart infusion (BHI) broth (Difco Laboratories, Detroit,
MI.) supplemented with hemin (5 pg/ml), and cysteine (0.1%). E. coli strains were grown
in Luria-Bertani (LB) broth. Unless otherwise stated, all cultures were incubated at 37°C.
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P. gingivalis was maintained in an anaerobic chamber (Coy Manufacturing, Ann Arbor,
MI.) in 10% H2, 10% CO2 and 80% N2. Growth rates for P. gingivalis strains were
determined spectrophotometrically (optical density at 600nm). Hemolysis and
pigmentation were determined by plating P. gingivalis on Brucella Blood agar (Anaerobe
Systems, Morgan Hill, CA) which was incubated for 7 to 10 days.

C.2 DNA isolation and analysis

P. gingivalis chromosomal DNA was prepared by the method of Marmur (28). For
plasmid DNA analysis, DNA extraction was performed following the alkaline lysis
procedure of Bimboim and Doly (9). For large scale preparation, plasmids were purified
using the Qiagen plasmid midi kit as per the manufacturer’s instruction (Qiagen,
Valencia, CA). DNA was digested by restriction enzymes as specified by the
manufacturer (Boehringer Mannheim Corporation, Indianapolis, IN). DNA fragments
were separated by electrophoresis (1% agarose; TAE buffer [0.4 M Tris- acetate, 0.001 M
EDTA, pH 8.0]) and purified using the Geneclean II kit according to the manufacturer's
recommendations (Bio 101 Inc., La Jolla, CA). P. gingivalis chromosomal DNA and the
plasmid pVA2198 was digested with BamHl and PstI (Roche, Indianapolis, IN)
respectively as specified by the manufacturer. Southern blot alkaline transfer was
performed according to the method of Chomczynskik (14). The PCR amplified 0.5 kb
bcp and 2.1 kb ermF-ermAM genes were digoxigenin (DIG) labeled and used as probes
in hybridization experiments. DNA labeling, hybridization and detection was performed
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using the DIG High prime Labeling and Detection Starter kit II (Roche, Indianapolis, IN)
according to the manufacturer’s instructions.

C.3. DNA sequencing

Nucleotide sequences were determined by the dideoxy-chain termination method (15) at
the DNA core facility of Loma Linda University (Loma Linda, CA). Oligonucleotide
primers used in sequencing reactions were obtained from Invitrogen (Invitrogen Corp.,
Carlsbad, CA). Nucleotide sequences were analyzed using the Sequencer software
package (Gene Codes Corporation, Ann Arbor, MI).

C.4. PCR analysis of RNase treated chromosomal DNA from P. gingivalis

The polymerase chain reaction amplification was performed with the Perkin Elmer Cetus
DNA Thermal Cycler (Perkin-Elmer Corporation, Norwalk, CT.). The primers used in
this study (Table 1) were synthesized at the Nucleic Acid Core Facility at Loma Linda
University (Loma Linda, CA). The reaction mixture (50 pi), containing 1 pi of template
DNA (0.5 pg), 1 pM of each primer, 0.2 mM of dNTPs in IX Expand High Fidelity
System buffer, was denatured for 2 min at 94°C, then 1.73 U of Expand High Fidelity
System enzyme was added (Roche, Indianapolis, IN). The PCR reaction consisted of 30
cycles with a temperature profile of 94°C for 30 seconds, 55°C for 1 minute and 72°C for
2 minutes. The final extension was performed at 72°C for 7 min. The PCR amplified
DNA was then identified by 1% agarose gel electrophoresis.
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Table 3. Oligonucleotide primers used in this study
Primers

Oligonucleotide sequence

Characteristics

P1

5' ATGACCTTTTTGTTACCTTTG 3’

BCP 0.5 LEFT

P2

5’ TTATCCGTTTAGTATCTGATC 3’

BCP 0.5 RIGHT

P3

5’ CTCTAAGGCAAATTTAGGAAG 3'

BCP LEFT

P4

5’ GATGAAGATACAGGTTGTATTG 3’

BCP RIGHT

P5

5’ TATGTTTATCCTCCGGAATAAGGACTCTAAGAACCCTAT 3’

BCPM39L

P6

5’ ATACAAATAGGAGGCCTTATTCCTGAGATTCTTGGGATA 3’

BCPM39R

P7

5’ TACCTGTTTTTGCTGACCGG 3’

VIMA REVERSE

P8

5’ ATGCCCATCCCTCTATACCTG 3’

VIMA FORWARD

P9

5’ ATGGCAGAAGAAAAGATACCC 3’

RECA FORWARD

P10

5’ TGAATGTTTGTTGCGAATGG 3'

RECA REVERSE

P11

5’ TATTAGGCCTATAGCTTCCGCTATT 3’

ERM LEFT

Table 3. Oligonucleotides used in this study
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C.5. Reverse transcriptase polymerase chain reaction (RT-PCR) analysis of DNase
treated RNA extracted from P. gingivalis

Total RNA was extracted from P. gingivalis W83 and P. gingivalis FLL301 grown to
mid-log phase (OD600 of 0.7) using the RNA wiz RNA kit (Ambion, Austin, TX). The
reaction mixture (50 pi) contained 1 pg of template RNA, 1 pM of each primer, 0.2 mM
of dNTPs, 1 mM of magnesium sulphate, 1 unit of reverse transcriptase/platinum Taq
DNA polymerase (Invitrogen, Carlsbad, CA) for first strand and second strand cDNA
synthesis. Taq polymerase alone was used for control reactions. The reverse transcription
reaction was performed at 50°C for 44 min and then stopped by raising the temperature to
94°C for 2 min. PCR amplification was performed with a Perkin-Elmer Cetus DNA
themal Cycler (Perkin Elmer Corporation, Norwalk, CT). The amplification consisted of
30 cycles with a temperature profile of 94°C for 30s, 50°C for 1 min and 72°C for 2 min.
The final products were analyzed by 1% agarose gel electrophoresis.

C.6. Cloning and expression of the P. gingivalis bcp gene
The 0.5 kb bcp gene was amplified from P. gingivalis chromosomal DNA using primers
PI and

P2 (Table 1) by PCR. The bcp gene was TOPO® TA cloned into the

pTrcHis2 expression vector (Invitrogen, Carlsbad, CA) and transformed in to E. coli
TOP 10 cells. The transformed E .coli cells were shaken at 37°C for 1 h and 50pl aliquots
were plated on LB agar plates containing ampicillin (100 pg/ml) and incubated overnight
at 37°C. Plasmid DNA was extracted from ampicillin resistant colonies and digested with
EcoPJ (New England Biolabs, Beverly, MA) to confirm the orientation of the bcp gene.

99

Two plasmids with the bcp gene cloned in opposite orientations relative to each other
were chosen and designated pFLL301.3 (correct orientation) and pFLL301.2 (opposite
orientation). The expression of the bcp gene was then induced for 3 hours using 1 mM
IPTG (isopropyl-beta-D-galactopyranoside). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was then performed with a 4%-12% Bis-Tris separating gel
(Invitrogen, Carlsbad, CA).The samples were electrophoresed at constant voltage of
200V for 45 min and stained with Simply blue stain (Invitrogen, Carlsbad, CA) for 1
hour , destained in distilled water for 30 min and then visualized.

C.7. Complementation of E. coli Ac/j-defective mutant

E. coli KD2301, a 6cp-defective mutant was transformed with the plasmid pFLL301.3
carrying the P. gingivalis bcp homologue. Transformed E. coli cells were plated on LB
agar plates with ampicillin (100 pg/ml) and grown overnight at 37°C. One ampicillin
resistant transformant carrying pFLL301.3 was compared with E. coli strains KD2301
and BL21(DE3) (44), the wild-type strain. All strains were grown overnight in LB broth.
100 pi of each of the overnight cultures was subcultured into 100 ml LB broth and grown
to mid log phase (ODeoo, 0.4). 100 pi aliquots of each of the cultures were then plated
onto LB agar with and without ImM IPTG. 10 pi of a 3% H2O2 solution was then placed
on blank 6mm antibiotic disks and placed in the center of the plate. Blank disks with
distilled water were used as controls. The plates were then incubated at 37°C overnight
and the zones of inhibition were measured. All experiments were performed in triplicate.
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C.8. Construction of the bcp gene with a Stul restriction site
To facilitate the subsequent mutagenesis of the bcp gene with the ermF-mwvlAf antibiotic
cassette, a unique Stul restriction site was created in the bcp gene by the PCR based
overlap extension method described by Horton et a\ (21-23). Primer 5 and 6 (Table 1)
were engineered with restriction sequences for Stul at the Nucleic Acid Core facility at
Loma Linda University (Loma Linda, CA). In the two separate PCR reactions using
primer pairs P3 and P5 and P4 and P6 (Table 1), fragments of the bcp gene with flanking
regions [1.0 kb and 0.8 kb, respectively] were amplified from P. gingivalis W83
chromosomal DNA. The amplified DNA fragments were electrophoresed on a 1 %
agarose gel at 110 V for 45 min, purified by the Gene Clean II kit (Bio 101 Inc., La Jolla,
CA) and then used as a template for the third PCR reaction using primers P3 and P4
(Table 1). The final 1.8 kb PCR amplified fragment with the bcp gene and flanking
regions was identified by 1% agarose gel electrophoresis and purified.

C.9. Mutagenesis of the cloned P. gingivalis bcp homologue
The 1.8 kb fragment containing the bcp gene and flanking regions constructed by the
PCR- based overlap extension method (21-23) was TOPO® TA cloned into the PCR2.1
TOPO cloning vector (Invitrogen Corp., Carlsbad, CA). The recombinant plasmid
carrying the cloned bcp gene and flanking DNA (pFLL301.1) was digested with Stul.
pVA2198 containing the 2.1 kb ermF-ermAM cassette was digested with Sad and
BamRl and treated with Klenow (Roche, Indianapolis, IN). The blunt ended ermF-
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antibiotic cassette was ligated into the Stul site of pFLL301.1 (Figure 2). The
recombinant plasmid pFLLBOl was used as a donor to electroporate P. gingivalis W83.

C.10. Electroporation of P. gingivalis

Electroporation of cells was performed as previously reported (17). Briefly, 1 ml of an
actively growing culture of P. gingivalis was used to inoculate 10 ml BHI broth which
then was incubated overnight at 37°C. 70 ml of warmed medium (37°C) then was
inoculated with 3 ml of the overnight culture and incubated for an additional 4 h. The
cells were harvested by centrifugation at 2,600 x g for 7 min at 4°C and washed in 50ml
of electroporation buffer (10% glycerol ,1 mM MgCh filter sterilized and stored at 4°C),
and the pellet was suspended in 0.5 ml of electroporation buffer. A 100 pi aliquot of cells
plus 10 pg of DNA was placed in a sterile electrode cuvette (0.2 cm gap). The cells were
pulsed with a Bio-Rad gene pulser for 4.2 ms at 2,500 V (12.5kV/cm) and then incubated
on ice for 3 min. The cell suspension was added to 0.5 ml of BHI broth and incubated for
approximately 16 h. A 1 OOpl sample was plated on solid medium containing clindamycin
(5 pg/ml) and incubated anaerobically at 37°C for 7 to 16 days.

C.ll. Sensitivity testing

P. gingivalis W83 and P. gingivalis FLL301 the 6c/?-defective isogenic mutant strain,
were tested for sensitivity to hydrogen peroxide. P. gingivalis W83 and FLL301 were
grown to early log phase (OD60o of 0.2) in BHI broth. Hydrogen peroxide at different
concentrations was then added to the cell cultures and further incubated for 16 h. At 4h
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intervals, the optical density (600 nm) of the cells was determined. Cell cultures without
peroxide were used as controls. All experiments were performed in triplicate.

C.12. Fraction preparation and Protease activity Assay

Preparations of whole cell culture media were done as previously reported (2). Briefly,
bacterial cultures were centrifuged at 6000 x g for 30 min at 4 °C. The supernatant (cell
free) was removed from the cell pellet and further clarified by ultra centrifugation
(100,000 x g, 60 min, 4°C) to yield vesicle free (supernatant) and vesicle (pellet)
fractions. The cell pellet from the first centrifugation was washed three times and
resuspended in 0.1 M Tris-HCl buffer. The presence of Arg-X activity in each fraction
(cell free, cell suspension, vesicle free and vesicles) was determined using a microplate
reader (Bio-Rad, Hercules, CA) according to the methods of Potempa et al. (39)

C.13. Ultraviolet sensitivity measurements
UV sensitivity experiments were performed as previously described (16). P. gingivalis
W83 and the isogenic bcp defective mutant FLL301 were irradiated with increasing
energy doses of UV in the Stratalinker 2400 (Stratagene, La Jolla, CA). The plates were
incubated at 37°C for 7 to 10 days and examined for growth. All experiments were
performed in triplicate.

C.14. Virulence testing
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P. gingivalis strain W83 and the isogenic mutant strain FLL301 were tested for
invasiveness in a murine model as previously described (17). Briefly, 1 ml of an actively
growing culture of P. gingivalis was used to inoculate 15ml of BHI broth and incubated
overnight at 37°C. To 85 ml of prewarmed BHI (37°C) was added the 15 ml of overnight
culture, incubated for 6 h and then used to inoculate 900 ml of prewarmed BHI broth and
further incubated for 24 h at 37°C. The cells were centrifuged and washed in sterile
phosphate-buffered saline (PBS) and adjusted to the desired concentration in PBS. All
mice were challenged by subcutaneous injections of 0.1 ml of bacterial suspension at two
sites on the dorsal surface. Mice were then examined daily to assess their general health
status, as well as the presence and location of lesions. Weights were determined for all
surviving mice. These experiments were performed under the authorization of an
institutionally approved protocol (27).
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D. RESULTS

D.l. RT-PCR analysis of P. gingivalis W83

In a previous report we indicated that the bcp gene may be a part of the same
transcriptional unit as the recA and vimA genes (1). To further confirm this we performed
RT-PCR analysis of the DNase treated RNA extracted from P. gingivalis W83. Using
primers PI and P7 we were able to amplify a fragment of 2.4 kb indicative of the bcp (0.5
kb), recA (1.0 kb) and vimA genes (Figure 3.1). There was no amplified product for the
wild-type strain observed when the reverse transcriptase was absent (lane 2). Taken
together these data indicate that the bcp, recA and vimA genes are a part of the same
transcriptional unit in P. gingivalis W83.
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Figure 3.1 RT-PCR of the bcp-recA-vimA transcriptional unit in P. gingivalis W83.
DNase-treated total RNA extracted from P. gingivalis W83 grown to mid-log phase was
subjected to RT-PCR analysis. Lanes: (1) PI and P7, W83 RNA plus reverse
transcriptase and (2) PI and P7, W83 RNA minus reverse transcriptase (negative
control).
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D.2. Complementation of E. coli Acp-defective mutant with P. gingivalis bcp
homologue

Chromosomal DNA from P. gingivalis W83 was subjected to PCR analysis using
primers (PI and P2; Table 1) that would amplify the 0.5 kb bcp gene. This purified DNA
fragment was inserted into pTrcHis2 under control of the trc promoter (11, 32),
confirmed by nucleotide sequencing analysis and designated pFLL301.3 (correct
orientation) and pFLL301.2 (opposite orientation). E. coli KD2301, a 6cp-defective
mutant transformed with the expression plasmid pNJ301.1 {bcp homologue), was
exposed to hydrogen peroxide. In the presence or absence of IPTG there was no
complementation of the defect in E. coli KD2301 with the plasmid pFLL301.3 (data not
shown). To further confirm if the P. gingivalis Bcp was expressed in E. coli cell lysates
of E. coli carrying pFLL301.3 and pFLL301.2 were analyzed by SDS-PAGE. As shown
in Figure 3.2 (lane 1), the predicted 19 kDa protein was observed to be expressed in the
presence of IPTG. In contrast there was no expression of the Bcp protein in the absence
of IPTG in E. coli lysates carrying the pFLL301.3 (lane 2) or in E. coli lysates carrying
the plasmid pFLL301.2 (lanes 3 and 4). Collectively, these data indicate that the P.
gingivalis bcp homologue can be expressed in E. coli but does not complement the bcp
defect in E. coli KD2301.
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Figure 3.2 Expression of P. gingivalis bcp gene in E. coli.
E. coli TOP 10 cells carrying the recombinant plasmids were grown to mid log phase and
induced with 1 mM IPTG for 3h. Cell lysates were separated by SDS PAGE and stained
with Simply Blue®. Lanes: (1) E. coli carrying plasmid pFLL301.3 (bcp homologue)
induced with ImM IPTG for 3h; (2) E.coli carrying plasmid pFLL301.3 in the absence of
IPTG; (3) E. coli carrying plasmid pFLL301.2 (bcp homologue in opposite orientation)
induced with ImM IPTG for 3h; (4) E. coli carrying plasmid pFLL301.2 in the absence
of IPTG. Each lane contains 20pg of protein.
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D.3. Construction of a Stul restriction site in the P. gingivalis bcp gene

To facilitate mutagenesis of the bcp gene with the

antibiotic cassette, it was

necessary to create a unique restriction site. We used the PCR-based overlap extension
method of Horton et al (21-23) to create a 1.8 kb fragment carrying a Stul restriction site
(Figure 3.3A). Primers P5 and P6, (Table 1) were engineered to contain Stul restriction
sites in there sequences. In the first two PCR reactions using primers (1) [P3 and P5] and
(2) [P4 and P6] (Table 1) the amplification products of the predicted sizes (1.0 kb for left
half of bcp with upstream flanking regions and 0.8 kb for the left half of the bcp with
downstream flanking regions) were observed (Figure 3.3B). These fragments were
subsequently purified and used as a template for the third PCR reaction to amplify a
fragment of 1.8 kb (Figure 3C). The 1.8 kb fragment containing the 0.5 kb bcp gene and
flanking regions was then identified by gel electrophoresis and purified for subsequent
genetic manipulation.
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Figure 3.3 Construction of a Stu\ restriction site in the P. gingivalis bcp gene.
Panel A. Schematic representation of the PCR-based overlap extension method used to
introduce the Stu\ restriction site into the bcp gene of P. gingivalis
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Figure 3.3 Construction of a Stu\ restriction site in the P. gingivalis bcp gene.
Panel B. RNase-treated chromosomal DNA from P. gingivalis was subjected to PCR in
two separate reactions. Lanes: (1) Primers P3 and P5 and (2) Primers P4 and P6. The
predicted 1.0 kb and 0.8 kb fragments corresponding to the two portions of the bcp gene
and flanking regions is indicated in these lanes with arrows. Panel C. PCR-based overlap
extension of two bcp gene fragments with flanking regions (1.0 kb and 0.8 kb). Lanes; (1)
Primers P3 and P4 used to amplify a 1.8 kb fragment from P. gingivalis chromosomal
DNA template (positive control) and (2) Primers P3 and P4 used to amplify a 1.8 kb
fragment {bcp gene and flanking regions) using amplified products (1.0 kb and 0.8 kb
DNA) from Panel B.
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D.4. Inactivation of the bcp gene in P. gingivalis W83 by allelic exchange
mutagenesis

An isogenic P. gingivalis W83 mutant defective in the bcp gene was constructed by
allelic exchange mutagenesis as depicted in figure 3.4. The recombinant plasmid
pFLL301 which carries the ermF-ermAM cassette in the unique Stub site of the bcp gene
was used as a donor to electroporate P. gingivalis W83. Because the plasmid cannot
replicate in P. gingivalis, we predicted that two double crossover events between the
regions flanking the erm marker and the wild-type gene on the chromosome would result
in replacement of a segment of the wild-type gene with the fragment conferring
clindamycin resistance. Following electroporation and plating on selective media we
detected 12 clindamycin resistant colonies after 16 days of incubation. Randomly chosen
colonies were further plated on Brucella blood agar to determine any pleiotropic
phenotypic effects of the clindamycin resistant mutants. Similar to the wild-type strain,
all of the clindamycin resistant mutants displayed a |3-hemolytic and black-pigmented
phenotype. Chromosomal DNA from two randomly chosen colonies and the wild-type
W83 strain was digested with BamRl and subjected to Southern blot analysis. If the bcp
gene was interrupted by the ermF-ermAM cassette, a 4.2 kb fragment should be observed
when probed with the DIG labeled bcp DNA. As shown in Figure 3.5A, the expected 4.2
kb and 2.1 kb fragments were observed in the two clindamycin resistant strains and the
wild-type respectively. In addition, when hybridization was performed with the DIG
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labeled erm DNA (Figure 3.5B), no hybridization was seen in wild-type DNA (Figure
3.5B, Lane 1). However, the expected 4.2 kb and 9.2 kb fragments were observed in the
two clindamycin resistant colonies and the pVA2198 control plasmid (lanes 2, 3 and 4,
respectively). Further confirmation of the clindamycin resistant colonies was done by
PCR using primers PI and P2 (Table 1) for the 0.5 kb bcp gene fragment. If the bcp gene
was interrupted by the ermF-ermAM cassette, a 2.6 kb fragment was expected to be
amplified. The expected 2.6 kb fragment and 0.5 kb fragments were observed in the two
clindamycin resistant strains and the wild-type W83 respectively (data not shown). Taken
together these results suggest the insertional inactivation of the chromosomal bcp gene
with the 2.1 kb ermF-ermAM antibiotic cassette. One strain designated P. gingivalis
FLL301 was randomly chosen from the two 6c/>-defective mutants for further studies.
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Figure 3.4 Allelic exchange mutagenesis of the P.gingivalis bcp gene.
The P. gingivalis bcp homologue was amplified by the PCR-based overlap extension
method. pFLL301.1 contained part of the bcp gene interrupted by the ermF-ermAM
cassette. This plasmid was introduced in P. gingivalis W83 by electroporation. A
reciprocal recombination event between areas of homology on the target cell's
chromosome and regions flanking the ermF-ermAM cassette of pFLL301.1 replaced the
wild-type bcp gene with a fragment containing the ermF-ermAM cassette.
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Figure 3.5 Southern blot analyses of allelic exchange mutants of P. gingivalis carrying the
bcp gene inactivated with the ermF-ermAM cassette.
DIG labeled bcp (Panel A) and ermF-ermAM (Panel B) probes were used to probe
Bam\{\ digested chromosomal DNA from P. gingivalis W83 and two isogenic bcpdefective mutants. Panel A; Lane 1, FLL301 (bcp::ermF-ermAM), lane 2, FLL301.1
(bcpv.ermF-ermAM) and lane 3, P.gingivalis W83. Panel B; Lane 1, P. gingivalis W83,
lane 2, FLL301 (bcp::ermF-ermAM), lane 3, FLL301.1 {bcpv.ermF-ermAM) and lane 4,
pVA2198 (linearized with Pstl).
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D.5. RT-PCR analysis of P. gingivalis FLL301 and W83

To further confirm the inactivation of the bcp gene in P. gingivalis FLL301 and to
evaluate any polar effects on the recA and vimA genes, total RNA was isolated from the
wild-type W83 and the 6c/?-defective mutant FLL301 grown to mid log phase. Specific
oligonucleotide primers for the bcp, recA and vimA genes (Table 1) were used in RTPCR analysis. Since primers specific for the bcp, recA and vimA genes would yield 0.5
kb ,1.0 kb and 0.9 kb fragments, respectively, a 0.5 kb fragment for the bcp gene should
be amplified in the wild-type strain but should be missing in P. gingivalis FLL301.
Furthermore, since the recA and vimA are a part of the bcp-recA-vimA transcriptional
unit, 1.0 kb and 0.9 kb fragments should be amplified in the wild-type strain which
should be absent in the mutant strain. As shown in Figure 3.6 (lanes 4-6), fragments of
0.5 kb, 1.0 kb and 0.9 kb in size were amplified in the wild-type strain using bcp, recA
and vimA specific primers, respectively. In contrast, only 1.0 kb and 0.9 kb fragments
using the same primer pairs were amplified in the frc/?-defective mutant FLL301 (lanes 13). There were no amplified fragments observed for either the wild-type strain or the
mutant when reverse transcriptase was absent in the reaction mix (Figure 3.6, lanes 7-12).
To test if a readthrough from the erm cassette could result in the expression of the down
stream genes {recA and vimA), primers PI 1 (5’ oligonucleotide primer for the erm
cassette) and P2 (3’ primer for the bcp gene) were used in RT-PCR analysis of total RNA
isolated from P. gingivalis FLL301. There was no amplified product observed in RNA
from P. gingivalis FLL301 (data not shown). Taken together this data confirms the
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inactivation of the bcp gene in P. gingivalis FLL301 and may suggest that the recA and
vimA genes can be independently expressed in P. gingivalis W83.
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Figure 3.6 RT-PCR analysis of RNA extracted from P. gingivalis W83 and FLL301.
Total RNA was extracted from FLL301 (lanes 1-3 and 7-9) and W83 (lanes 4-6 and 1012) grown to mid-log phase (OD6oo, 0.6) and subjected to RT-PCR. P. gingivalis
FLL301, Lanes: (1) Primers (PI and P2, Tablel) plus reverse transcriptase; (2) primers
(P9 and P10, Tablel) plus reverse transcriptase; (3) primers (P7 and P8, Tablel) plus
reverse transcriptase; P. gingivalis W83, Lanes (4) primers (PI and P2, Tablel) plus
reverse transcriptase; (5) primers (P9 and P10, Tablel) plus reverse transcriptase; (6)
primers (P7 and P8, Tablel) plus reverse transcriptase; Lanes (7-12) Corresponding
primer sets for the bcp, recA and vimA genes minus reverse transcriptase (negative
controls). All lanes contain Sul of the amplified mixture.
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D.6. Protease distribution and activity of P .gingivalis FLL301

We have previously shown that the vimA gene is involved in protease activation and
distribution in P. gingivalis W83 (1). Because the vimA gene was expressed in the bcpdefective mutant FLL301 we expected that the proteolytic activity and distribution would
be similar to the wild-type. Strains of P. gingivalis W83 and P. gingivalis FLL301 were
assayed for proteolytic activity using a-benzoyl-DL-arginine /?-nitroanilide (BAPNA). In
late exponential growth phase cultures, the arginine-X proteolytic activity of P. gingivalis
FLL301 was 70% of the activity compared to the wild-type W83 (Figure 3.7). However,
both the wild-type P. gingivalis W83 and the 6c/?-defective isogenic mutant FLL301
possessed a similar distribution of Arg-X specific activity (Figure 3.8A and 3.8B). Taken
together, these data suggest that under the same physiological condition, there is a 30%
reduction in total proteolytic activity of P. gingivalis FLL301 when compared to the
wild-type W83 while the distribution remained similar in both strains.
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Figure 3.8 Distribution of Arg-X cysteine protease activity in P. gingivalis.
Activities against BAPNA (A, W83; B, FLL301) was tested in whole cell culture (WC),
cell-free medium (CF), cell suspension (CS), vesicles (V) and vesicle free medium (VF)
according to the method of Potempa et al (39). The activity of each strain in whole-cell
culture was assumed to be 100 %; this activity measured in P. gingivalis FLL301
represents 70 % of the activity of the wild-type strain W83. The results shown are
representative of 2 independent experiments
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D.7. UV sensitivity of P. gingivalis FLL301

The recA gene plays a role in DNA repair in P. gingivalis (16). Since we demonstrated by
RT-PCR that the recA gene was expressed in P. gingivalis FLL301, we expected that the
sensitivity to UV should be similar to that of the wild-type. P. gingivalis FLL301, FLL32
-defective isogenic mutant) and the wild-type W83 were exposed to UV radiation at
2,000 pJ and 4,000 pJ. After 2,000 pJ of UV irradiation there was a 15% and 11%
survival of the wild-type W83 and the isogenic &c/?-defective mutant FLL301,
respectively (data not shown). In contrast, there was no survival of the recyl-defective
mutant FLL32 at 2000 pJ of UV irradiation (data not shown). No survival of any of the
P. gingivalis strains was observed after exposure to 4,000 pJ of UV irradiation. Taken
together these data indicate that under the same physiological conditions the UV
sensitivity of the wild-type P. gingivalis W83 and the Z?cp-defective mutant FLL301 is
similar.

D.8. Sensitivity of P. gingivalis FLL301 to hydrogen peroxide
P. gingivalis W83 and the isogenic mutant P. gingivalis FLL301 were assessed for
sensitivity to hydrogen peroxide. Hydrogen peroxide was prepared at a concentration of
0.25 mM in BHI. In contrast to the parent strain, P. gingivalis FLL301 demonstrated an 8
fold greater sensitivity to hydrogen peroxide at a concentration of 0.25 mM (Figure 3.9).
Sensitivity of both bacterial stains was similar at a higher concentration used (0.5 mM).
Taken together, this data suggests that P. gingivalis FLL301 has an increased sensitivity
to hydrogen peroxide compared to the wild type W83.
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Figure 3.9 Sensitivity of the P. gingivalis bcp mutant to hydrogen peroxide.
P. gingivalis was grown to early log phase (OD600 of 0.2) in BHI broth and 0.25mM
H2O2 () (■ W83, □ FLL301) was then added to the cell cultures and further incubated for
16 h. Cell cultures without H2O2 (♦ W83, 0 FLL301) were used as controls. The results
shown are representative of 3 independent experiments
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D.9. Virulence testing of P. gingivalis FLL301

Protection against peroxide damage during the course of an infection plays a major role
in pathogenesis (36). Since P. gingivalis FLL301 was more sensitive to hydrogen
peroxide and had decreased proteolytic activity when compared to W83, its virulence
potential in the mouse model was of assessed. Our previous reports showed that the LD50
of P. gingivalis W83 in the BALB/c mouse model is approximately 3 x 109 bacteria/ml
(17). Within six days, 4 of 10 animals challenged with P. gingivalis (wild-type) at a dose
of 3 x 109 bacteria/ml had developed spreading, ulcerative abdominal lesions and died
(Figure 10A). The surviving animals appeared cachectic and hunched with ruffled hair.
However all 6 recovered before the end of the 14-day observation period. Similarly,
within four days, 4 of 10 animals challenged with P. gingivalis FLL301 (6cp-defective
mutant) at a dose of 3 x 109 bacteria/ml had developed spreading, ulcerative abdominal
lesions and died (Figure 3.10A). All of the surviving animals appeared cachectic and
hunched with ruffled hair and also recovered during the 14-day observation period. In
both groups, the lesions began healing by day 6 postchallenge. All animals challenged
with a 1 xio10 bacteria/ml dose of the wild-type (ten of ten) or the P. gingivalis FLL301
(ten of ten) died by 48 hr (Figure 3.1 OB). Although the mice did not display lesions at the
dorsal surface site of injection, they had developed spreading, ulcerative abdominal
lesions. These data suggest that there is no detectable difference in the virulence potential
of the 6c/?-defective mutant P. gingivalis FLL301 compared with the parent strain.
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Figure 3.10 Virulence of/\ gingivalis.
Female BALB/c mice were challenged with 200 |al of a 1 x 1010bacteria/ml dose of/5
gingivalis W83 or FLL301 (Panel A) or 200 |al of a 3 x 109 bacteria/ml dose of P.
gingivalis W83 or FLL301 (Panel B). Mice injected with 200 |_il Phosphate buffered
saline (PBS) were used as controls. Mice were assessed for the development of
abdominal lesions and general health status over 14 days
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E. DISCUSSION

Periodontal disease is a chronic infection marked by massive inflammation (45).
This inflammatory process is marked by the recruitment of neutrophils and macrophages
to the site of infection to effect the clearance of the offending organism(s) through the
oxidative burst (53). As a result, the inflammatory microenvironment of the periodontal
pocket is also a highly oxidatively stressful environment characterized by several reactive
of oxygen intermediates (8, 19). Bacterial exposure to these reactive oxygen
intermediates can result in damage to bacterial membranes and nucleic acids (24).
Bacteria have therefore developed several mechanisms to subvert the damage caused
under oxidative stress through the use of antioxidant enzymes such as SOD, AhpC and
Bcp (25, 34, 42). The bacterioferritin comigratory protein (Bcp) has been reported to
detoxify hydrogen peroxide in E. coli and thus plays a role in oxidative stress resistance
(25). In this study we examined the role of the bcp gene in the oxidative stress resistance
and pathogenesis. It was our hypothesis that the bcp gene in P. gingivalis W83 would
play a significant role in oxidative stress and virulence.
In a previous communication we hypothesized that the bcp gene may be a part a
unique transcriptional unit together with the recA and vimA genes in P. gingivalis (1). In
this study we have further used RT-PCR analysis to confirm the bcp-recA-vimA
transcriptional unit. The recA and vimA genes in P. gingivalis are involved in DNA
repair and protease activation/distribution respectively (1, 16). Thus, this bcp-recA-vimA
genetic architecture would be advantageous to P. gingivalis as DNA repair activity,
protease activation and oxidative stress resistance could be coordinately regulated. The
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significance of this observation would be consistent with the ability of P. gingivalis to
utilize the heme on it surface as an oxidative sink to neutralize reactive oxygen
intermediates (46, 47). Because P. gingivalis proteases are major virulence factors
involved in heme acquisition and binding to the bacterial membrane (18, 37, 49), this
could be an important strategy for survival in the periodontal pocket.
Bioinformatic analysis of the P. gingivalis Bcp [http://tigrblast.tigr.org/cmrblast] revealed that it was 60% similar to the E. coli Bcp. However, when the P.
gingivalis bcp gene was cloned and expressed in E. coli, it encoded for a protein of the
predicted size but was unable to complement a bcp defect in that strain. Although not
specifically tested in our studies, we cannot rule out the possibility that when expressed
in E. coli, the Bcp protein, just like the gingipains from P. gingivalis, may have been
improperly processed thus altering its activity (3). Moreover, it is also possible that the
P. gingivalis Bcp protein may require a cofactor for optimal function which is absent
from E. coli. However, taken together, our data suggest that the P. gingivalis bcp gene
does not function in a similar manner in E. coli as the native Bcp.
Inactivation of the P. gingivalis bcp gene allowed us to determine a role for the
bcp gene in oxidative stress. Comparison of the sensitivities of the wild-type W83 and the
6c/?-defective mutant FLL301 to hydrogen peroxide demonstrated that the Bcp plays a
significant role in oxidative stress resistance. This finding is consistent with other reports
in E. coli that suggest a similar role for the Bcp (25).
RT-PCR analysis of the DNase-treated RNA from P. gingivalis FLL301 (bcpdefective mutant) revealed that both the recA and vimA genes can be independently
expressed. These observations were unexpected since it was already demonstrated that
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the bcp gene is a part of the bcp-recA-vimA transcriptional unit. Because the ermFantibiotic cassette was constructed with transcriptional stop signals (17) it is
unlikely that a readthrough of this cassette would facilitate the expression of the down
stream recA and vimA genes. This would also be consistent with the failure to RT-PCR
amplify any product from the 6c/>-defective mutant using a specific 5' oligonucleotide
primer for the erm cassette and a 3' primer form the bcp or recA genes. From this study
however, our observations of the independent expression of the recA and vimA genes
could further help to explain the multiple hybridizing bands previously observed when
RNA from the wild-type strain was probed with the recA gene (1). Taken together, these
data suggest that there may be some differential expression of the genes in the bcp-recAvimA transcriptional unit. Preliminary analysis of the nucleotide sequence of this locus
indicates putative promoter regions for each gene (data not shown). The significance of
this expression pattern in P. gingivalis is under further investigation in the laboratory.
Because the gingipains are downregulated at elevated temperature (38), typical of the
inflammatory microenvironment of the periodontal pocket, it is tempting to speculate that
under conditions of oxidative stress and where a decrease in proteolytic activity is
desirable, an ability to differentially express genes in the bcp-recA-vimA operon may be
an important strategy for its adaptation to conditions of oxidative stress.
Consistent with previous reports on P. gingivalis FLL33 , a
(16) and P. gingivalis FLL92, a

-defective mutant

-defective mutant (1), the independent expression of

the recA and vimA gene in P. gingivalis FLL301 should not alter UV sensitivity and
gingipain activity/distribution in this mutant. The 6cp-defective mutant was blackpigmented, and had a similar growth rate, p-hemolysis and UV sensitivity as the parent
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strain. There was a 30% reduction in the Arg-X and Lys-X cysteine protease activities in
P. gingivalis FLL301 though the distribution was similar to the wild-type P. gingivalis
W83 strain. The source of the reduction in proteolytic activity is currently unknown.
Reduced gingipain activity is correlated with reduced virulence in P. gingivalis
(1, 16). Further, protection against peroxide damage during the course of an infection is
important for survival of the invading microorganism (31). Results of our virulence
studies in the mouse model suggest that there is no discernible difference in the virulence
potential of P. gingivalis FLL301, the 6cp-defective mutant, compared to the wild-type
strain. It is likely that the level of gingipain activity of P. gingivalis FLL301 is not
significant enough to alter its virulence potential. Furthermore, the bcp defect by itself
might not be enough to alter the virulence potential of P. gingivalis. These data are
consistent with similar experiments conducted with a P. gingivalis ahpC mutant (Johnson
et al., submitted for publication) and a Salmonella typhimurium «/2/?C-defective mutant
(51). Results from these studies confirmed increased sensitivity of the ahpC mutant to
peroxides in vitro but no change in its virulence in a mouse model (51). A likely
explanation for the inability of a single oxidative stress resistance gene to affect virulence
could be the presence of other redundant mechanisms of oxidative stress resistance
upregulated during the infectious process. Recent reports on mechanisms of oxidative
stress resistance in P. gingivalis indicate a role for several genes including sod, dps and
rubrerythrin in this process (4, 50, 52). In addition, a survey of the P. gingivalis genome
[http://www.oralgen.lanl.gov/\ has identified other genes {NADH oxidase, oxyR, thiol
peroxidase and thioredoxin) that may play a role in oxidative stress defense. Although
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many of the genes may play some role in oxidative stress their role in virulence has not
been investigated and remains unknown.
We have constructed an isogenic mutant of P. gingivalis that is defective in the
bcp gene which is part of the bcp-recA-vimA transcriptional unit. Further, we have
demonstrated that the genes in this operon can be differentially expressed. While P.
gingivalis FLL301, the 6c/?-defective mutant, showed in vitro sensitivity to hydrogen
peroxide its virulence potential in a mouse model was unaltered when compared to the
wild-type. This may suggest that there may be other redundant mechanism(s) involved in
oxidative stress defense in P. gingivalis. Further studies characterizing the relationship of
the bcp gene to other oxidative stress genes may give insight into the global regulation of
these genes in oxidative stress defense in P. gingivalis.
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CHAPTER FOUR

8-OXO-7,8-DIHYDROGUANINE (8-OXOG) IS REMOVED BY NER IN
PORPHYROMONAS GINGIVALIS W83

N. A. Johnson*, R. Mckenzie, L. Mclean, L. Sowers and H. M. Fletcher.
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A. ABSTRACT

A consequence of oxidative stress is DNA damage. The survival of Porphyromonas
gingivalis in the inflammatory microenvironment of periodontal pocket requires an
ability to overcome oxidative stress caused by reactive oxygen species (ROS). 8-Oxo7,8-dihydroguanine (8-oxoG) is typical of oxidative damage induced by ROS. There is
no information on the presence of 8-oxoG in P. gingivalis under oxidative stress
conditions or a putative mechanism for its repair. HPLC with electrochemical detection
analysis of chromosomal DNA revealed higher levels of 8-oxoG in P. gingivalis FLL92
the nonpigmented v/m^4-defective mutant compared to the wild-type strain. 8-oxoG repair
activity was also increased in cell extracts from P. gingivalis FLL92 compared to the
parent strain. Enzymatic removal of 8-oxoG was catalyzed by nucleotide excision repair
(NER) rather than base excision repair (BER) observed in E. coli. In addition, when
compared to other anaerobic periodontal pathogens, the removal of 8-oxoG was unique to
P. gingivalis. Taken together, the increased 8-oxoG levels in P. gingivalis FLL92 could
further support of a role for the heme layer as a unique mechanism in oxidative stress
resistance in this organism. In addition, this is the first observation of NER as the major
mechanism for removal of 8-oxoG in P. gingivalis.

B. INTRODUCTION
Porphyromonas gingivalis, a black-pigmented Gram-negative anaerobic
organism, is a major etiological agent implicated in adult periodontitis. The survival of
this organism in the periodontal pocket would require an ability to overcome oxidative
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stress induced by reactive oxygen species generated by neutrophils and macrophages or
exposure to air (8, 32). In general, oxidative stress resistance in bacteria involve
antioxidant enzymes and/or endonucleases (3, 6, 16, 31, 38). Recent reports in P.
gingivalis have documented the use of antioxidant enzymes such as superoxide dismutase
(SOD) or ruberythrin as a mechanism to overcome oxidative stress (2, 3, 25, 31, 37).
Additionally P. gingivalis possesses a heme layer that has been reported to play a role in
oxidative stress resistance (35, 36). This heme layer acts as an oxidative sink to abrogate
the effects of hydrogen peroxide and other reactive oxygen species thus protecting the
cell membrane and other cellular components of the organism from oxidative damage
(35).
Oxidative DNA damage is a major consequence of oxidative stress. This damage
is induced by the modification of nucleotide bases by the reactive oxygen species. 8Oxo-7,8-dihydroguanine (8-oxoG), one such example, is produced abundantly in DNA
exposed to free radical and reactive oxygen species (38). This modification, if not
repaired, can result in mutagenesis and lethality to the organism (14, 15, 21). Base
Excision Repair (BER), and Nucleotide Excision Repair (NER) are two known
mechanisms for the repair of oxidative DNA damage that are conserved in many
organisms including eucaryotes. Removal of 8-OxoG, appears to occur mostly by BER
which in E. coli involves the formamidopyrimidine glycosylase (Fpg) enzyme encoded
by the mutM gene (5, 6, 11, 22). NER is unique due to its ability to repair a wide
spectrum of DNA lesions. Proteins including the UvrA, B, C and D are involved in the
recognition of the lesion, cleavage on the 3’ and 5’ ends of that lesion and the release of
the patch of DNA including the damaged base (4). While these DNA repair mechanisms
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have been described in many organisms there is a gap in our knowledge on similar
mechanisms in P. gingivalis.
We recently reported on the importance of the bcp-recA-vimA locus in oxidative
stress and virulence in P. gingivalis (Johnson et al, submitted). In the Wrari-defective
mutant, P. gingivalis FLL92, there was alteration in gingipain maturation/activation and
distribution (28). Thus, this isogenic mutant was non-black pigmented and missing cell
associated gingipain activity. Because the gingipains RgpA and Kgp are involved
acquisition and binding of heme on the bacterial cell surface (18, 34), any defect in these
proteases would affect heme binding and accumulation on the surface of P. gingivalis.
This could raise important questions concerning the ability of P. gingivalis to survive in
the periodontal pocket, in the presence of reactive oxygen species, where increased
temperature, due to inflammation, can downregulate gingipain activity. Taken together,
this would suggest that absent and/or decreased accumulated heme layer could
significantly affect the ability of P. gingivalis to withstand oxidative stress.
Under conditions of oxidative stress, we have examined DNA damage in P.
gingivalis mutant FLL92 compared with the wild-type strain. In the presence of hydrogen
peroxide, there is an increase in 8-oxoG in P. gingivalis FLL92 compared to the wildtype W83. Furthermore, P. gingivalis FLL92 was more resistance to oxidative stress than
the wild-type which appears to correlate with an increase in the repair activity of 8-oxoG.
Analysis of the complete genomic sequence of P. gingivalis did not reveal a Fpg
homologue for the removal of 8-OxoG (26) [http://www.oralgen.lanl.gov/]. Here we
report that the enzymatic removal of 8-oxoG is catalyzed by NER. To our knowledge
these data represent the first report of a repair mechanism for 8-oxoG in P. gingivalis.
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C. MATERIALS AND METHODS

C.l. Bacterial Strains and culture conditions.

All anaerobes [P. gingivalis W83 and FLL92, F. nucleatum (FN) ATCC25866, P.
intermedia (PI) ATCC25611 and T. forsythensis (TF)] were grown in brain heart infusion
(BHI) broth (Difco Laboratories, Detroit, MI) supplemented with hemin (5pg/ml),
vitamin K (0.5pg/ml), and cysteine (1%). TF was supplemented with N-acetylmuramic
acid (NAM) (0.002mg/ml). All anaerobes were maintained in anaerobic conditions (10%
H2,10% CO2, and 80% N2) in an anaerobic chamber (Coy Manufacturing, Ann Arbor,
MI) at 37 °C. Escherichia coli (TOP 10) was grown in Luria-Bertani (LB) broth in aerobic
conditions at 37°C.

C.2. Sensitivity testing
P. gingivalis W83 and P. gingivalis FLL92 the vimA defective isogenic mutant strain
were tested for sensitivity to hydrogen peroxide. P. gingivalis W83 and FLL92 were
grown to early log phase (ODeoo of 0.2) in BHI broth supplemented with hemin and
vitamin K. H2O2, at concentrations of O.lmM, 0.25mM, 0.5mM or ImM was then added
to the cell cultures and further incubated for 16 h. At 4h intervals, the optical density
(600nm) of the cells was determined. Cell cultures without peroxides were used as
controls
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C.3. DNA Isolation and evaluation of 8-oxoG
P. gingivalis strains W83 and FLL92 were grown to mid log phase ODeoo 0.6-0.7 and
treated with 0.25 mM hydrogen peroxide or left untreated for 20 min and incubated
anaerobically at 37 °C. The bacteria was then removed and centrifuged at 9000-x g for 15
min at 4 °C. The supernatant was removed immediately and the chromosomal DNA was
extracted as described elsewhere (ref). DNA (100 pg) of each of the treated and untreated
P. gingivalis strains was digested with lOpg/pl nuclease PI (Roche Biochemicals,
Indianapolis, IN), for 15 min at 65 °C. The samples were cooled on ice then 6 units of
shrimp alkaline phosphatase (Roche Biochemicals, Indianapolis, IN) was added and
further incubated at 37 °C overnight. 8-oxodG and 2-deoxygaunisine (2dG) were
resolved by HPLC and quantified by electrochemical detection (BCD) using a CoulArray
BCD system (ESA Model 5600A) 3 pM, 150 x 4.6 C-18 column. The nucleosides were
eluted from the column with an isocratic mobile phase consisting of 100 mM sodium
acetate (pH5.2), 5.0 % methanol. The mobile phase was filtered and degassed prior to
application followed by filtration suing a 0.45 pM, HV () Durapore. The HPLC-ECD
system was calibrated with 6.25 fmoles-1.25 pmoles of SoxodG (synthesized in our lab)
and 5 pmoles - 5 nmoles of 2dG standard (Sigma Chemical Compamy, St. Louis, MO).
The retention times for SoxodG and 2dG standards were 6.0 min and 8.0 min
respectively. Subsequent identification and quantitation of SoxodG was performed by
comparison with retention time and by the method of peak-area measurement using a
linear regression curve for standard solutions. All samples were performed in triplicate
from two independent experiments.
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C.4. Oligonucleotide labeling and annealing procedures
Oligonucleotide fragments used in this study (figure 2) were made by Synthegen,
Houston, TX. All oligonucleotides were 5’- end labeled with [y"32P]-ATP (ICN) and T4
polynucleotide kinase (Promega Corp.,) under conditions recommended by the enzyme
supplier. The labeled oligonucleotides were purified to remove excess unincorporated [y'
32P] by centrifugation through Micro Bio Spin 6 Sephadex columns (Bio-Rad, Hercules,
CA). The purified labeled single strand was annealed to a two fold molar excess of an
unlabeled complementary strand for 5 min at 95°C and cooled slowly to room
temperature.

C.5. Preparation of crude bacterial extracts
P. gingivalis, F. nucleatum (FN), P. intermedia (PI) and T. forsythensis (TF) were grown
overnight in BHI. A 1/10-dilution of each bacterial strain was made in fresh BHI medium
and grown to an OD60o (0.6). E. coli was grown in a similar manner under aerobic
conditions. The cell pellets were collected by centrifugation at 9000-x g for 10 min at
4°C. The cell pellet was treated with protease inhibitors and resuspended in 5ml 50mM
Tris-HCl pH 8.0, ImM EDTA lysis buffer and subjected to 8 freeze thaw cycles. Cell
debris was removed by centrifugation at 12,000-x g for 20 min at 4°C. The protein
concentration of the supernatant was determined using the DC protein Assay kit (BioRad, Hercules, CA).

C.6. Glycosylase Assay
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Labeled and annealed oligonucleotides (2pmol) were incubated with the anaerobe
bacterial extract (20|ig), E. coli extract (l|ig) or P. gingivalis extract (2|ig) in a IX
enzyme buffer) supplied with the Uracil DNA glycosylase (Ung) or
Formamidopyrimidine-DNA glycosylase (Fpg) enzymes at 37 °C for 1 h. An equal
volume of loading buffer (98% formamide, 0.01M EDTA, Img/ml xylene cyanol, and
1 mg/ml bromophenol blue) was added to stop the reaction. 50 pmole of competitor
oligonucleotide was added to each reaction mix and heated to 95°C for 5 min to denture
the duplex after which it was resolved by gel electrophoresis. Fpg and Ung (Trevigen
Inc., Gaithersburg, MD) control reactions were performed according to Liu et al (19).
Briefly, 2pmol of the specific oligonucleotide was incubated with 1 unit of the enzyme at
37 °C for 1 h in reaction buffers provided by the manufacturers. Cleavage of abasic sites
after glycosylase treatment with Ung was performed by adding 5 p,l 0.1M NaOH for 30
min at 37 °C.

C.7. Gel electrophoresis and analysis of cleavage
Reactions samples were loaded onto a 20% denaturing polyacrylamide gels (7M urea)
and run for 80 min at 550V. The resulting bands corresponding to the cleavage products
and uncleaved substrate was visualized using a Molecular Dynamics Phosphorlmager
(Amersham) and ImageQuant 5.0 software.
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D.RESULTS

D.l. Sensitivity of P. gingivalis FLL92 to hydrogen peroxide

P. gingivalis W83 and the isogenic mutant P. gingivalis FLL92 were assessed for
sensitivity to hydrogen peroxide. In contrast to the parent strain, P. gingivalis FLL92
demonstrated a greater resistance to hydrogen peroxide and at a concentration of 0.25mM
(Fig. 4.1). At higher concentrations (0.5 mM) or concentrations lower than 0.25mM, both
strains showed a similar sensitivity profile to those peroxides (data not shown). Taken
together, this data suggests that P. gingivalis FLL92 has an increased resistance to
hydrogen peroxide compared to the wild type W83.
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Figure 4.1 Sensitivity of the P. gingivalis FLL92 to hydrogen peroxide
P. gingivalis was grown to early log phase (OD600 of 0.2) in BHI broth. 0.25mM H2O2 (■
W83, □ FLL92) was then added to the cell cultures and further incubated for 16 h. Cell
cultures without H2O2 (AW83, ♦FLL92) were used as controls. The results shown are
representative of 3 independent experiments.
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D.2. HPLC-ECD analysis of DNA extracted from P. gingivalis

To detect the presence of 8-oxoguanine in P. gingivalis, chromosomal DNA from P.
gingivalis W83 and the

-defective non-pigmented isogenic mutant FLL92, grown in

the presence or absence of hydrogen peroxide was extracted and analyzed by HPLCECD. As shown in Table 4, there was an increase in 8-oxoG in P. gingivalis FLL92
compared to the wild-type in the presence of hydrogen peroxide. There was no detectable
8-oxoG in W83 DNA in the absence of hydrogen peroxide. Taken together these data
suggest that there is more oxidative damage in cellular DNA of both P. gingivalis strains
under conditions of oxidative stress. Moreover there is more oxidative DNA damage in
the non-pigmented P. gingivalis mutant FLL92 compared to the wild-type under similar
physiological conditions.
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Table 4. 8-oxodG detection by HPLC-ECD
8-oxodG cone, (moles)

P.gingivalis strain
W83 - H202
W83 + H202

7.74 x 10-16

FLL92 - H202

9.52 x 10 16

FLL92 + H202

2.0 x 10 -14

Table 4. 8-oxodG detection by HPLC-ECD
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D.3. 8-oxoG repair activity in P. gingivalis

Because P. gingivalis FLL92 showed increased resistance to oxidative stress and had
more detectable 8-oxoG than the wild-type W83, we investigated the repair activity of the
mutagenic DNA lesion. Bacterial extracts from the P. gingivalis isogenic strains grown in
the presence or absence of hydrogen peroxide were used in glycosylase assays with a 5’end labeled [y'32P]-ATP 8-oxodG:C containing oligonucleotide (24 mer) (Fig 4.2, 01). If
8-oxoG is removed by a BER mechanism, a cleavage product corresponding to a 12 mer
would be observed. As shown in Figure 4.3a, the Fpg enzyme generated the expected 12
mer fragment. However, a fragment of a similar size was missing in P. gingivalis strains
W83 and FLL92. Instead, a cleavage product of approximately 17 bases was observed
(Figure 4.3a, lanes 1-4). In addition, there was a greater intensity of the cleavage product
generated by the P. gingivalis FLL92 (lanes 3 and 4) extract compared to the wild-type.
As a control experiment, the removal of uracil was also examined using the same
extracts. As shown in Figure 3b, the level of activity for Ung was similar for both P.
gingivalis strains. Also, the cleavage products generated by the extracts from these
strains were which was similar in size to the E. coli control. To rule out the possibility
that a restriction enzyme in the crude extract was responsible for the 17 base cleavage
product, glycosylase assays were performed with an oligomer where the 8 OxoG was
replaced by guanine. There was no cleavage product similar in size to the 17mer using
extracts from P. gingivalis FLL92 (Figure 4.3c, lane 3). As expected, there was no
cleavage of this oligomer by the Fpg enzyme (Figure 4.3c, N1 positive control).
Collectively, these data indicate that the repair mechanism of 8-oxoG is different in P.
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gingivalis when compared to E. coli and suggests a mechanism of nucleotide excision
repair (NER). These data also suggests greater repair 8-oxo repair activity in the nonpigmented mutant P. gingivalis FLL92 than the wild-type.
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Qj

5 ’-GGCTATCGTGGCXGGCCACGACGG- 3 ’

Q3

3 ’-CCGATAGPACCGCCCGGTGCTGCC- 5’

3 ’-CCGATAGCACCGPCCGGTGCTGCC- 5’

02

5’-GGCTATCGTXGCGGGCCACGACGG- 3’

q4

3’-CCGATAGCACCGCCCGGTGPTGCC- 5’

N1

5 ’-GGCTATCGTGGCGGXCC ACG ACGG- 3’
3 ’-CCGATAGCACCGCCPGGTGCTGCC- 5’

3’-CCGATAGCAPCGCCCGGTGCTGCC- 5’

5 ’-GGCTATCGTGGCGGGCCACXACGG- 3’

05

5 ’-GGCTATCXTGGCGGGCCACGACGG- 3 ’

5’-GGCTATCGTGGCXGGCC ACG ACGG- 3’

U1

3’-CCGATAGCACCGPCCGGTGCTGCC- 5’

5’-GGCTATCGTGGCCGGCCACGACGG- 3’
3’-CCGATAGCACCGGCCGGTGCTGCC- 5’

Figure 4.2 Oligonucleotide sequences used in this study where, X: 8-oxoG (01-05), C
(Nl) or U (Ul) and P: C (01-05) or G (U1 and Nl)
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Figure 4.3 8-oxoG and Uracil removal activities of P. gingivalis strains W83 and FLL92 cell
extracts.
[Y 32P)]“ATP 5’ end labeled oligonucleotides Ol (Panel A), U1 (Panel B) or N1 (Panel
C) were incubated with P. gingivalis and E .coli cell extracts for Ih (Fpg) or 1 min (Ung)
, electrophoresed and visualized. Panel A; Lanes with controls (negative and positive)
contain 01 oligonucleotides and the E. coli cloned Fpg enzyme (indicated above
respective lanes); Lane 1, 01 and P. gingivalis W83 extract (without H2O2); lane 2, P.
gingivalis W83 extract (with H2O2); lane 3, Ol and P. gingivalis FLL92 extract (without
H2O2) and lane 4, 01 and P. gingivalis FLL92 extract (with H2O2). Panel B; Lanes with
controls (negative and positive) contain U1 oligonucleotides and the E .coli cloned Ung
enzyme (indicated above respective lanes); Lane 1, U1 and P. gingivalis W83 extract
(without H2O2); lane 2, U1 and P. gingivalis W83 extract (with H2O2); lane 3, U1 and P.
gingivalis FLL92 extract (without H2O2); lane 4, U1 and P. gingivalis FLL92 extract
(with H2O2); lane 5, U1 and E. coli cell extract.
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8-oxoG:C cont (01)

c

+

G:C cont (N1)

1
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2

3
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24 mer

•4-

17 mer
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12 mer

Figure 4.3 8-oxoG and Uracil removal activities of P. gingiva/is strains W83 and FLL92 cell
extracts.
[y'32P)]-ATP 5’ end labeled oligonucleotides 01 (Panel A), U1 (Panel B) or N1 (Panel
C) were incubated with P. gingivalis and E .coli cell extracts for Ih (Fpg) or 1 min (Ung)
, electrophoresed and visualized. Panel C; Lanes with controls (negative and positive)
contain U1 or N1 oligonucleotides and the E .coli cloned Fpg enzyme; Lane 1,01 and P.
gingivalis FLL92 extract (Ih incubation), lane 2, 01 and P. gingivalis FLL92 extract (2 h
incubation), lane 3, N1 and P. gingivalis FLL92 extract. The cleavage product sizes are
clearly indicated on the left with arrows. All lanes (except enzyme controls) contain 2 pg
of bacterial protein cell extract.
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D.4. 8-oxoG repair activity of P. gingivalis in different oligonucleotides

In order to further characterize the repair mechanism believed to be occurring by NER,
we investigated the effect different locations of 8-oxoG in the same oligonucleotide
would have on the NER activity. Oligonucleotides were synthesized with 8-oxoG in four
different positions, 5’- end labeled with [y'32P)]-ATP and annealed with a
complementary strand with cytosine (C) paired to 8-oxoG. As shown in Figure 4.4a and
4.4b, Fpg generated the expected cleavage fragments however, there was no change in
the cleavage fragment observed in P. gingivalis when the 8-oxoG was at a different
position in the oligomer. Taken together, these data suggest that cleavage pattern for the
24 mer oligonucelotide containing 8-oxoG is the same regardless of the position of 8oxoG within the fragment.
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8-oxoG:C cont (01)
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+

2

3
24 mer

I
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8-oxoG:C cont (04)
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8-oxoG:C cont (05)
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Figure 4.4 8-oxoG removal activity of P. gingivalis cell extract from different
oligonucleotides.
[y‘32P)]-ATP 5’ end labeled oligonucleotides Ol, 02 and 03 (Panel A) and 01, 04 and
05 (Panel B) were incubated with P. gingivalis cell extracts for Ih or 2h, electrophoresed
and visualized. Panel A; Lanes with controls (negative and positive) contain 01, 02 and
03 oligonucleotides and the E. coli cloned Fpg enzyme (indicated above respective
lanes); Lanes (1-3) 01, 02 and 03 oligonucleotides respectively, incubated with P.
gingivalis FLL92 cell extracts. Panel B; Lanes with controls (negative and positive)
contain 01, 04 and 05 oligonucleotides and the E. coli cloned Fpg enzyme (indicated
above respective lanes); Lanes (1-3) 01, 04 and 05 oligonucleotides respectively,
incubated with P. gingivalis FLL92 cell extracts. All lanes (except enzyme controls)
contain 2 pg of bacterial protein cell extract.
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D.5. 8-oxoG removal activity in other anaerobes

To determine if other anaerobic periodontal pathogen have a similar mechanism for
removal of 8-oxoG, crude extracts from P. intermedia, F. nucleatum and T. forsythensis
were used in glycosylase assays using oligonucleotides 01 and U1 Figure 4.2. There was
no similar band indicative of NER observed in the three anaerobes (Figure 4.5a, lanes 24) when compared to controls or/3, gingivalis FLL92 (lane 1). In addition, all three
anaerobes possessed similar Ung activity (Figure 4.5b, lanes 2-7). These data suggests
that the NER mechanism for the removal of 8-oxoG might be unique in P. gingivalis.
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Figure 4.5 8-oxoG and Uracil removal activities of P. gingivalis, P. intermedia, F. nucleatum
and T. forsythensis cell extracts.
[y"32P)]-ATP 5’ end labeled oligonucleotides Ol (Panel A), U1 (Panel B) were
incubated with P. gingivalis cell extracts for Ih (FpG), 1 min or 5 min (Ung),
electrophoresed and visualized. Panel A; Lanes with controls (negative and positive)
contain 01 oligonucleotides and the E. coli cloned Fpg enzyme (indicated above
respective lanes); Lane 1,01 and P. gingivalis W83 extract (without H2O2), lane 2, and P.
intermedia, lane 3, 01 and F. nucleatum cell extract and lane 4, 01 and T. forsythensis
extract. Panel B; Lanes with controls (negative and positive) contain U1 oligonucleotides
and the E.coli cloned Ung enzyme (indicated above respective lanes); Lane 1, U1 and P.
gingivalis W83 extract (without H2O2), lane 2 and 3, U1 and P. intermedia extract
incubated 1 min and 5 min respectively, lane 4 and 5, U1 and F. nucleatum cell extract
incubated 1 min and 5 min respectively, lane 6 and 7, U1 and T. forsythensis extract
incubated 1 min and 5 min respectively. Sizes of cleavage products are clearly indicated
on the left. All lanes (except enzyme controls) contain 2 pg of bacterial protein cell
extract.
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E. DISCUSSION

Damage to bacterial membranes and DNA is a major consequence of oxidative
stress (23). DNA base derivatives are the most abundant kind of lesions formed from
oxidative stress (7). Guanines are especially susceptible to modification by the reactive
oxygen species yielding mainly 8-Oxoguanine that results in GC to TA transversion
mutagenesis (9). Several reports have indicated that the primary repair mechanism of 8OxoG is performed by BER (6, 10, 33, 38).
In P. gingivalis there is an established role for antioxidant enzymes and the hemin
layer in oxidative stress resistance (25, 35-37). Because P. gingivalis is constantly
exposed to oxidative stress we evaluated the hypothesis that the non-pigmented mutant P.
gingivalis FLL92 would be more sensitive to oxidative stress than the wild-type. A
comparison of the sensitivities of P. gingivalis FLL92 and the wild-type W83 to
hydrogen peroxide suggest that the non-pigmented P. gingivalis mutant FLL92 is more
resistant to oxidative stress than the wild-type. This unexpected finding raised the
possibility that there might be other redundant mechanisms to either prevent the entry of
ROS into the cells and/or induce increased repair activity. HPLC-ECD analysis of
chromosomal DNA extracted from P. gingivalis strains grown under oxidative stress
indicated an increased accumulation of 8-oxoG in P. gingivalis FLL92 when compared to
the wild-type. It is unclear if expression of the antioxidant enzymes is altered in the P.
gingivalis FLL92 however this data could be consistent with the function of the heme
layer (35, 36) which appears to be missing in P. gingivalis FLL92. Thus, this further
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suggests that the increased resistance of P. gingivalis FLL92 to oxidative stress may
require increased repair activity of the oxidative damage base.
There was no detectable evidence of the E. coli wwrMhomologue (21, 24) in the
P. gingivalis genome [http://www.oralgen.lanl.gov/]. Instead, a sequence homologue to
the E. coli mutY gene, known to function in the removal of adenine paired with 8-oxoG
(27), was identified.

While we cannot rule out the possibility of an unidentified

functional homologue to Fpg in P. gingivalis as observed in other organisms (30, 33),
these observations may indicate that this organism may use a mechanism other than BER
to remove 8-oxoG lesions. In this study the removal of the modified uracil base in P.
gingivalis occurred by BER. This further confirms that Uracil-N-glycosylase activity is
highly conserved throughout bacteria and eukaryotes.

However, removal of 8-oxoG in

P. gingivalis occurred by NER in contrast to BER as observed in E. coli and other species
(6, 10, 12, 20). Further, there was an increase in 8-oxoG removal/repair activity in P.
gingivalis FLL92 compared to the wild-type. This is consistent with the increased
resistance of P. gingivalis to oxidative stress and may suggest the upregulation of an 8oxoG removal/repair enzyme(s). It is unclear what gene(s) may play a role in this
activity. A preliminary survey of the P. gingivalis genome has revealed genes encoding
the Uvr A, B and C proteins which in E. coli have been demonstrated to repair DNA
lesions by NER (1, 10, 13). A role for these genes in the removal/repair of 8-oxoG
lesions in P. gingivalis is under further investigation in the laboratory.
In this study we were unable to define a precise mechanism the recognition and
removal of 8-oxoG from duplex DNA. Altering the location of the 8-oxoG in different
oligonucleotide fragments generated a similar cleavage pattern. The cleavage however of
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the oligonucleotide fragment to generate a 17 mer band, using the P. gingivalis extracts,
was specific for 8-oxoG containing oligomers. This made it unlikely that a specific
endonuclease restriction enzyme was responsible for the cleavage pattern. The presence
of 8-oxoG in the oligonucleotide fragment reduced its degradation under our assay
conditions. While these data support the presence of exonucleases in the bacterial
extracts, it also suggests that multiple proteins may be involved in the 8-oxoG
removal/repair activity. Thus, it is possible that DNA binding proteins in the 8-oxoG
containing oligomers prevented its degradation by the bacterial extracts in contrast to
oligomers without the modified base that were quickly degraded. These observations
would be consistent with NER in E. coli, where the nucleotides around the lesion are
protected by proteins participating in the removal/repair cascade (4). The mechanism for
removal of the 8-oxoG appears to be unique for P. gingivalis when compared to other
periodontal pathogens including to P. intermedia, F. nucleatum and T. forsythensis. A
functional homologue of the mutM gene has been identified F. nucleatum genome
[http://www. oralgen. lanl.gov/].
This report, to our knowledge, have provided the first evidence for the presence of
8-oxoG in P. gingivalis exposed to oxidative stress. We have also shown that the
mechanism for the removal in this organism involves NER. The increased 8-oxodG and
its corresponding higher repair activity in the non-pigmented isogenic mutant of P.
gingivalis have raised interesting questions concerning mechanisms of oxidative stress
resistance in P. gingivalis that will facilitate its survival in the periodontal pocket. A
possible scenario could occur where the absence or reduction of the hemin layer, due to a
decrease in protease expression (29) or increased hydrogen peroxide (17), may make P.
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gingivalis more vulnerable to oxidative damage. As a result P. gingivalis may up regulate
DNA repair enzymes to compensate for the abrogated or absent heme layer. Further
studies are needed to delineate the NER mechanism in P. gingivalis and determine its
implications for the pathogenicity of this organism.
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FINAL DISCUSSION

We have investigated mechanisms of oxidative stress resistance in
Porphyromonas gingivalis. Survival of jP. gingivalis in the highly inflammatory
environment of the periodontal pocket would require an adaptation to oxidative stress to
prevent damage to the cell (11, 14). In several bacterial strains, including Salmonella
typhimurium, E. coli and the anaerobic bacterium Bacteroides fragilis, oxidative stress
results in the induction of several proteins that help to reduce the detrimental effects of
the reactive oxygen species (132, 152, 169). In this study, the P. gingivalis ahpC gene,
which is conserved in prokaryotes, was not only functional in E. coli but played a role in
oxidative stress resistance in P. gingivalis. These observations are also consistent with
the functional role of AhpC in other bacteria (17, 31, 115, 133).
Protection against peroxide damage during the course of an infection is important
for survival of the invading microorganism, especially during its interaction with
macrophages and other polymorphonuclear cells (97). When tested in a mouse model of
virulence, the ahpC mutant P. gingivalis FLL141 had a similar virulence profile as the
wild-type. These data are consistent with similar experiments conducted with a
Salmonella typhimurium a/zpC-defective mutant. Results from these studies confirmed
increased sensitivity of the ahpC mutant to peroxides in vitro but no change in its
virulence in a mouse model (157). These observations raise interesting questions
regarding the in vivo significance of the ahpC gene and its contribution to virulence in P.
gingivalis. A likely explanation could involve the unaltered proteolytic activity to the
a/zpC-defective mutant. Proteases are major virulence factors for P. gingivalis. Thus,
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despite the increased sensitivity to oxidative stress, the function of AhpC may not be
sufficient to overcome the effects of the proteases. This could be consistent with
virulence profiles of two recA isogenic mutants described in previous reports (2, 45). P.
gingivalis FLL32 and FLL33 were non-pigmented and black pigmented respectively. P.
gingivalis FLL32 in addition, lacked proteolytic activity and beta hemolytic activity when
compared to the wild-type (45). In contrast, FLL33 was black-pigmented, beta hemolytic
and exhibited similar proteolytic activity when compared to the wild-type W83.
However, when these two recvl-defective mutants were evaluated for their virulence
potential in a murine model, FLL32 was found to be non-virulent while FLL33 showed
increased virulence compared to the parent strain (2, 45). From these data, it would
appear that the proteolytic activity is of more significance to the virulence of the P.
gingivalis FLL33 than the recA defect which plays a role in DNA repair (45). It could
also be possible that the proteases can affect the production of components for oxidative
stress. There is evidence that the oxidative burst of macrophages can be inhibited by
proteases from P. gingivalis. Finally, the inability of the ahpC defect to affect virulence
in P. gingivalis could be a result of redundant antioxidant mechanisms of oxidative stress.
Previous reports on the rbr and dps genes in P. gingivalis have suggested a role for these
genes in oxidative stress resistance (154, 163) consistent with bacteria (72, 82, 87, 124,
125). Since the Dps and Rbr protein appear to have similar substrate recognition as the
AhpC, it reasonable to assume that they may confer further resistance to oxidative stress
in P. gingivalis in the absence of the ahpC gene product.
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Consistent with the multiple mechanisms of oxidative stress resistance in P.
gingivalis, the bcp gene is also of importance. Inactivation of the bcp gene in P.
gingivalis increased its sensitivity to hydrogen peroxide. Reports in other organisms
have also identified the Bcp as a peroxidase (62, 66). Moreover, the results from this
study further support the integrative function of proteolytic activity with oxidative stress.
The bcp gene is part of the bcp-recA-vimA locus (1, 103). Given the roles for the recA
and vimA genes in DNA repair and protease maturation/distribution respectively (1, 45),
it may be advantageous to P. gingivalis to coordinately regulate its, DNA repair,
proteolytic and oxidative stress activities.
Similar to the ahpC gene, the bcp gene in our studies does not affect the virulence
potential of P. gingivalis. In addition, the 6c/?-defective mutant designated FLL301 was
similar to the wildtype in black-pigmentation, beta-hemolysis and UV sensitivity.
However, this mutant exhibited a 30% decrease in Arg-X proteolytic activity when
compared to the wild-type. Further RT-PCR analysis of the 6c/?-defective mutant
revealed that the recA and vimA genes were independently expressed. These observations
were unexpected since we previously demonstrated that the bcp gene is a part of the bcprecA-vimA transcriptional unit. In addition, we hypothesized that there may be coordinate
regulation of the genes in the bcp-recA-vimA transcriptional unit given their known
functions (2, 45, 103). Collectively, these data may suggest differential
expression/regulation of the genes in the bcp-recA-vimA transcriptional unit. It is possible
that the recA and vimA genes may independently transcribed from their own promoters
under certain physiological conditions. It is likely that P. gingivalis coordinately
regulates the functions of Bcp, RecA and VimA to maintain their individual expression.
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RecA has been shown to function in recombinatorial repair of DNA in the SOS response
in other organisms (36, 67, 102). In addition, the recA gene in P. gingivalis a plays a
significant role the inflammatory response (79, 80). Consequently, because of the
identified functions of the recA and vimA genes in P. gingivalis, it is reasonable to expect
that these genes may be transcribed independently to perform their respective functions.
The possibility of having the expression of the genes in the bcp-recA-vimA transcriptional
unit absolutely linked might be detrimental to the organism. We can, therefore, envision a
scenario where P. gingivalis Bcp, RecA and VimA may function both coordinately and
independently during conditions of oxidative stress. In the inflammatory condition of
periodontitis, as P. gingivalis invades epithelial cells or is phagocytosed, it downregulates
its proteolytic activity. This may suggest a role for the VimA in the process of protease
regulation. However, the Bcp and RecA may still be required to combat the ROS present
in these cells.
There are several reports on the role of the proteases in hemin acquisition, binding
and accumulation on the surface of P. gingivalis (26, 73, 121, 146, 150). This hemin
accumulation is responsible for the black-pigmentation of P. gingivalis (90). Further, this
layer serves as an oxidative sink/buffer to reactive oxygen species and thus protects the
organism from oxidative stress (147, 147, 148). In this study, we tested the hypothesis
that a non-pigmented mutant would be more sensitive to oxidative stress than the wildtype by evaluating the vimA defective mutant P. gingivalis FLL92 as a model system.
This mutant was non-pigmented and lacked proteolytic activity, beta-hemolysis and was
non-virulent when compared to the wild-type (1). In the presence of hydrogen peroxide,
P. gingivalis FLLL92 was surprisingly more resistant than the wild-type. These results
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raised the possibility that other mechanisms of oxidative stress resistance present in P.
gingivalis might be upregulated in P. gingivalis FLL92. We therefore evaluated DNA
repair enzyme activity as a likely mechanism this resistance.
In addition to antioxidant enzymes that serve to detoxify reactive oxygen species,
organisms employ DNA enzymes in a DNA repair strategy to combat oxidative stress.
To date, the DNA repair activity of E. coli has been the most extensively studied of the
prokaryotes. DNA repair enzymes that function to remove/repair oxidative damaged
DNA are fully characterized (28, 47, 109). The major oxidant induced DNA lesion
formed in bacteria is 8-oxoG. 8-oxoG is mutagenic and results in GC to TA
transversions. Evaluation of the amount of 8-oxoG formed after treatment with hydrogen
peroxide demonstrated that it was more abundant in the non-pigmented, v/myt-defective
mutant P. gingivalis FLL92, compared to the wild-type. However, in the absence of
hydrogen peroxide, there was still constitutively higher amounts of 8-oxoG present in the
FLL92 compared to the wild-type, which had no detectable levels of 8-oxoG present.
Firstly, these data suggest that hydrogen peroxide induced more 8-oxoG formation in
both strains of P. gingivalis than in conditions in which it was absent. Secondly, the data
also suggest that P. gingivalis FLL92 is more susceptible to DNA damage than the wildtype W83 under normal physiological conditions. These data are consonant with reports
by Smalley and colleagues that attribute a protective role to the hemin layer of P.
gingivalis (147, 148). To our knowledge, this is the first report of 8-oxoG formation in P„
gingivalis.
Oxidative DNA damage is repaired by both base excision repair (BER) and
nucleotide excision repair (NER) (22, 39). More specifically, in E. coli, yeast and human
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cells, the major mechanism for removal of 8-oxoG is by BER (23, 35, 41, 68, 134). In E.
coli, the mutM and mutY gene products remove 8-oxoG from duplex DNA when paired
with cytosine and adenine respectively (28, 109). In addition a third enzyme, MutT,
sanitizes the nucleotide pool by hydrolyzing 8-oxodGTP to 8-oxodGMP to prevent its
incorporation in duplex DNA (84). The combined enzymatic activities of MutM, MutY
and MutT function to adequately prevent mutagenesis of DNA by 8-oxoG in E. coli (47).
Further, although not directly described, there is some evidence for the removal of 8oxoG from DNA by NER (39). Since we described and increase in 8-oxoG in the nonpigmented mutant P. gingivalis FLL92, we hypothesized that there should be more
removal activity of this damaged base in this strain when compared to the wild-type.
Glycosylase assays allowed us to demonstrate that the removal activity of 8-oxoG
in P. gingivalis FLL92 was greater than in the wild-type W83. Moreover, the removal
activity in both P. gingivalis strains did not follow the kinetics of BER but rather were
more consistent with NER. This is the first report of any DNA removal or repair activity
in P. gingivalis. To further define a mechanism for NER in P. gingivalis we altered the
position of the 8-oxoG base lesion but discovered that the pattern of recognition and
removal was the same anywhere the 8-oxoG was placed. These data raised the
possibility that there may be a unique mechanism of recognition and removal of 8-oxoG
by this NER mechanism. However, data from these experiments are inconclusive and
require further investigation to determine an exact mechanism. Also in this study we
evaluated the removal activity of the periodontal pathogens, P. intermedia, F. nucleatum
and T. forsythensis. Data from these experiments demonstrate, at best, that the
mechanism or removal of 8-oxoG in P. gingivalis may be different from periodontal
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pathogens tested. Again, further investigation of this phenomenon is required to advance
a particular mechanism of 8-oxoG removal in these strains.
Collectively, our studies on mechanisms of oxidative stress in P. gingivalis have
allowed us to propose a model for the role of oxidative stress in the survivability of this
organism. Until now, there has been a dearth in our understanding on mechanisms of
oxidative stress in P. gingivalis. While three genes in P. gingivalis have been identified
as playing a role in oxidative stress in vitro their relative significance to virulence in
unknown (104, 154, 163). To our knowledge, this is the first comprehensive study that
seeks to address the role of oxidative stress mechanisms in virulence. As an anaerobe, P.
gingivalis is sensitive to oxygen. Moreover, the oral cavity, more specifically the
periodontal pocket, is a site that is occasionally exposed to air. In addition, the
inflammatory condition of periodontitis requires that P. gingivalis’’ survivability is
challenged even further by immune cells such as neutrophils and macrophages making an
attempt to clear this organism through the oxidative burst. Therefore, mechanisms to
surmount oxidative stress must be of vital importance if P. gingivalis is to persist and
cause infection. One can envision a scenario where P. gingivalis is in the highly
inflammatory environment of the periodontal pocket during chronic periodontitis. This
environment is also highly oxidatively stressful. P. gingivalis has an absolute requirement
for hemin. Therefore, during the infectious process, which is partly characterized by
bleeding, the organism utilizes its proteases to secure heme and iron from red blood cells
in the periodontal pocket (73, 150). The heme is deposited on the cell surface as mu-oxo
bis heme dimers and serves as a reservoir for iron as well as an oxidative sink (147, 148).
On occasional exposure to air or superoxide radicals, P. gingivalis might employ SOD
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and/or other antioxidant proteins to detoxify these species. This is consistent with reports
by Nakayama and others that show that superoxide dismutase functions in a role of
aerotolerance (104). As the environment becomes more hostile and more reactive oxygen
species are elaborated, P. gingivalis uses its hemin layer to detoxify the ROS. Because
the layer on the surface is not surrounding the entire bacterial membrane (147),
antioxidant enzymes such as Rbr, AhpC, Bcp and the Dps may become upregulated to
combat the increase in oxidative stress. Further, DNA repair enzymes might be up
regulated to some degree to repair any damage that might be incurred. As the bacterial
hemin layer is further compromised by the assault from the ROS, P. gingivalis is now
more vulnerable to oxidant induced DNA damage.
In an inflammatory process, there is always an increase in temperature by the
host. Previous reports have shown that increases in temperature decreases protease
expression (126). Since the proteases are involved in hemin acquisition and binding, one
might expect a concomitant decrease in hemin binding on the surface of P. gingivalis. A
decrease in the hemin layer would translate to a greater susceptibility of the organism to
oxidative stress. Secondly, other reports have shown that as P. gingivalis invades
epithelial, endothelial cells or as it is phagocytosed, it down regulates its protease
expression. Again, this translates to the sequence of events aforementioned. In these two
situations where the hemin layer might be compromised, P. gingivalis may further
upregulate its DNA repair machinery, as well as other systems, to combat damage caused
by oxidative stress. This would be consistent with the response of P. gingivalis FLL92 to
oxidative stress in this study.
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Because we did not specifically evaluate specific genes that may have been up
regulated in the ahpC, bcp and vimA mutants, we cannot rule out the possibility that there
may be several other genes involved in mediating the process of oxidative stress in P.
gingivalis. The process of oxidative stress appears to be complex and thus our findings
may represent a few layers in a process that may be multilayered. Further transcriptome
analyses of P. gingivalis mutants under oxidative stress could provide information on
other genes that may be involved in the bacterial response to oxidative stress. This could
serve as a starting point to unravel the intricacies of the oxidative stress response in P.
gingivalis and could assist us in determining how these genes may affect virulence. In
addition, further investigation is required to ascertain the genes that are involved in NER
in P. gingivalis and also to determine their role in virulence of the organism under
conditions of oxidative stress. These research efforts are currently under investigation in
our laboratory.
In conclusion, we have investigated the role of the bcp and ahpC genes and DNA repair
in oxidative stress. We have demonstrated the role of the bcp and ahpC genes in
oxidative stress resistance and have shown that they do not contribute significantly to the
virulence of P. gingivalis. Further, to resolve any consequent DNA damage to oxidative
stress, we have also shown that P. gingivalis utilizes the DNA repair strategy similar to
NER as an additional defense to ROS in situations where its hemin layer may be
compromised. Our reports on the DNA removal and repair activity of 8-oxoG in P.
gingivalis are the first ever reported for this organism. We have further proposed a model
for oxidative stress resistance in P. gingivalis in the chronic infection of periodontitis
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